FAR-INFRARED SYNCHROTRON-BASED SPECTROSCOPY
OF PROTON TUNNELLING IN MALONALDEHYDE

by

Edward Scott Goudreau

Bachelor of Science (Major in Physics and Chemistry, Honours in Physics),
University of New Brunswick, 2014

A Thesis Submitted in Partial Fulfilment of
the Requirements for the Degree of

Master of Science

in the Graduate Academic Unit of Physics

Supervisors: Dennis Tokaryk, PhD, Department ofsiRis
Stephen Ross, PhD, Department of Physics

Examining Board: = Abdelhag Hamza, PhD, Departmémthysics, Chair
Dennis Tokaryk, PhD, Department of Physics
Stephen Ross, PhD, Department of Physics

Sambhu Ghosh, PhD, Department of Physics
David Magee, PhD, Department of Chemistry

This thesis is accepted by the
Dean of Graduate Studies
THE UNIVERSITY OF NEW BRUNSWICK
October, 2016

© Edward Scott Goudreau, 2017



Abstract

Although the internally hydrogen-bonded speciedomadehyde (€0.H,) is
considered an important prototype molecule foraimilecular proton transfer, its far-IR
spectrum is not well understood. Using high-resofutspectra obtained from the
Canadian Light Source synchrotron in Saskatoorkeielsewan, | have made significant
progress in understanding its low-energy vibratiosgructure. A new rotational
characterization of the vibrational ground statenelling-split pair is presented here,
which benefits from these new IR measurements amyex more complete range of
rotational parameter space than was reported prslyioFull rotational analyses have
been performed for three low-energy vibrationatestaat 241, 390, and 405 ¢nand
these states (as well as states at 273 and 28} ltave been conclusively matched to
early microwave measurements [W. F. Rowe, Ph.Dsihélarvard University, 1975].
Progress has been made toward developing a themréteatment of malonaldehyde
using the Generalized Semi-Rigid Bender Hamiltort@rdescribe the large-amplitude

tunnelling motion.
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Chapter 1

Introduction

1.1 - Review of Experimental Work on Malonaldehyde
Malonaldehyde (€D.H4) is a 9-atom planar molecule which possesses an
asymmetric intramolecular hydrogen bond betweerhttakeoxyl and formyl groups in its

enol form, as seen in figure 1.1.1.

—————
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Figure 1.1.1: The equilibrium state of malonaldedyshowing the nuclear
labeling that will be used throughout this thesis.

The earliest spectroscopic measurements of gasephalonaldehyde were made
by E. Bright Wilson's group and reported in a seié papers from 1976 to 1984 in
which they performed a thorough microwave (pureatiobal) study of the ground
vibrational state and other low-lying stafés4]. In particular, the 1975 doctoral thesis of
Walter Rowe[5] contains characterizations and approximate fregjgenof eight low-

lying vibrational states including the ground sta#st the time the structure of



malonaldehyde was largely unknown. The gas-phadeaue was believed to primarily
exist in a hydrogen-bonded enol form, althouglemained to be determined whether the
hydrogen bond was symmetric (resulting in gsfructure) or asymmetric (resulting in a
Cs structure). Manwb initio [6-9] and semi-empiricdB, 10-12]calculations of the time
indicated that gas-phase malonaldehyde should bBavasymmetric hydrogen bond,
although some studies suggested othenj@i8¢ Using relative intensity measurements,
Wilson's group determined that there was a very éomrgy state not consistent with a
molecular vibration. The existence of this statdjol they measured directly at low
resolution to be at about 21 @ni2], was strong evidence of tunnelling splitting ire th
molecule. This indicated an asymmetric hydrogendbwith a low-energy barrier to
proton transfer of about 6.6 kcal/mol or 2308 chased on their measuremefgk This
conclusion was further supported by the observatioam 3:1 ratio of intensities resulting
from nuclear spin symmetric effects due to indmtiishability of the H and H nuclei
(as labeled in figure 1.1.1). This intensity rati@s reversed in the 21 cnstate,
indicating that the molecule was gaining, Character due to the tunnelling effect, as the
two states would become degenerate in the abséroarelling and the spin weighting
would disappear. Experimental studies performed dblyer groups supported the
conclusion that the hydrogen bond was asymmEtdel 6].

In addition to their work on the parent moleciéson et al. also measured and
analyzed the pure rotational spectra of a largebmurof isotopically substituted species.
Additionally, they were able to directly measurenaall number of lines connecting the
lowest two tunnelling states of theMyisotopologue (where in this notation, Mdicates

a deuterium substitution of the hydrogen atop) &sing microwave-microwave double



resonancd3]. Their final value of the ground state splittin®l(583 crit) and RDs
splitting (2.88357 cM) were determined by analyzing the interactionsvben the two
tunnelling componentf]. This large reduction in splitting of the deuterdhtspecies is
due to the higher mass of the deuterium nucledBdrtunnelling position, resulting in a
lower energy of the particle in the potential waalid consequently a lower probability of
tunnelling. Their final fittings of the parent ab@Dgisotopologue$4] were done using a
Watson A-reduced Hamiltonian with quartic centragdistortion terms and two

interaction terms connecting the tunnelling commpdsie These interaction terms are
[F+F'32][3,3, +3,J,], with parameters F and F" (callegif this work), and will be

discussed further in section 2.10.

Smith, Wilson and Duerst (hereafter referred t&c#¢D) performed an infrared
study in 1983 in which they took a survey of viiwagl states up to 4000 chfor the
parent molecule and a number of deuterated isadgpek including EDg [17]. There
they proposed two alternative assignments of tisemied bands, both of which assigned
the lowest-energy fundamental to a band at 252',cand one of these was later
supported by theoryl8, 19] SWD's assignments were compared to calculatigns b
Biceranoet al.[20] and unpublished results by John Pople, resultindgjsagreements of
up to 612 crit in the parent moleculd7].

From 1976 to 1981, Seliskar and Hoffmann publisheskries of papers on the
electronic spectrum of malonaldehyd&4, 21, 22] in which they reported the
observation of a number of hot bands arising fromited vibrations of the ground
electronic state in the 200-300 ¢mange. The electronic spectrum was also studted la

by Arias et al. in 1997 using degenerate four-wave mixi2®]. In addition to their



electronic work, Seliskar and Hoffmann performediainared study in 198224] at
higher resolution than was used by SWD. Their tibrel assignments are not as
complete as those of SWD and there are a numbeisofepancies between the sets of
assignments. Neither of these groups were ablessigra the individual tunnelling
splitting components belonging to the observed ba8glitting was observed by Seliskar
and Hoffmann for the pair of bands near 506 andd&ti2 and for the pair near 384 and
390 cm' but they were unable to determine which componehtthe tunnelling-split
ground and upper states were involved in each band.

In 1991, Firthet al. measured the gas-phase spectrum near 21 with the
intention of finding transitions connecting the tiwmnelling components of the parent
molecule's ground stat@5], but they were unable to measure these lines dubet
inherent weakness of the tunnelling-rotation spectrinstead, they measured a number
of pure rotational lines with high values of J frdrath ground state components. They
performed another rotational fitting using theirrowmeasurements along with the lines
measured by Wilson's groyg-4], adding Watson A-reduced sextic distortion terms
(except for B to the Hamiltonian due to the higher J values@né in their new lines.
The resulting molecular parameters were generalhsidered to be in agreement with
the microwave resultgl], although the authors noted the particularly ladigferences in
the values of F and F" (25 and 37 standard emespgectively). Firtlet al. noted that the
sampling of J-K space produced by Wilsat al's microwave measurements and their
far-IR lines was limited, and that their fitted pareters might lack predictive power
outside the regions they sampled. In particula,rdgion of J > 20 and& 5 is not well

represented in their data.



The tunnelling-rotation spectrum of malonaldehwdes finally measured by Baba
et al.in 1999, along with a number of new pure rotatidimes near 21 cih[26]. There
they published a new fitting of the malonaldehydeugd state components combining
their measurements with those of Firgh al. [25] and Wilsonet al. [1-4]. Their
Hamiltonian did not contain thechand hk distortion terms used by Firgt al, but did
include an additional kdependent vibrational coupling termg.FVith the addition of
the tunnelling-rotation lines, Bal& al. determined a very precise value of the splitting,
21.58313829(63) cth[26]. The resulting rotational constants were deematistent
with those of Wilson's group. My comparison of Baddaal's constants with those of
Firth et al. [25] showed a much lower level of consistency, with np@sameters falling
outside 5 standard deviations. In particular, thardl ¢ distortion parameters are over
300 standard deviations away from those of Fetthl.for both ground state components.

The first high-resolution (FWHM linewidtk 0.0015 cril) rotation-vibration
spectrum of malonaldehyde was obtained and analyydduan and Luckhaus in 2004
[27]. They performed an IR-diode laser jet study ofheC-O-H bend / symmetric C=C,
C=0 stretch) a-type fundamental near 1594'cmue to the low concentration of
malonaldehyde in their molecular jet, the resultpmpulation was mostly in the lower
ground state tunnelling component, meaning that tieservations primarily correspond
to transitions from that lower ground state lewettte lower component of the excited
tunnelling pair. They were able to assign over @&s from this band, making use of the
3:1 nuclear spin weightings and matching lowerestaimbination differences with the
ground state description provided by Bagbal.[26]. The authors performed a fitting of

the upper state with the same Hamiltonian used &alya®t al. for the ground state,



although they fixed the sextic distortion consteems the three interaction constants to
the ground state values. The fitted upper statetiqudistortion parameters were large

compared to the ground state, and from this theyloded that the upper state is
perturbed. They tentatively assigned a number @akeelines to the band connecting the
upper ground state component to the uppgeromponent, which allowed them to

calculate a reduction in splitting of 0.03 ¢rim thevs vibration compared to the ground

state.

Cryogenic matrix isolation studies have been peréal on malonaldehyde by
various groups since 1989 when Figh al. studied the IR (270-4000 ¢fhand UV
spectral regions of the molecule trapped in an rangatrix [28]. They showed that
tunnelling motion was inhibited under matrix isadat conditions, resulting in no
observable tunnelling splitting. A similar study svaerformed in the 400-4000 ¢m
rangeby Chiavassat al.in 1992 using argon, krypton and xenon matr{@84, although
they did not confirm the elimination of splittingported by Firtret al.

In 2006, Wassermanet al. obtained FTIR spectra of malonaldehyde at room
temperature, in jet expansions (Ar and He carriseg, 2 ci resolution) and in an
argon matrix (0.1 cih resolution)[30]. They were able to experimentally determine the
tunnelling splitting of four excited vibrationalages near 767, 893, 1452 and 1594'cm
The splittings in the 893 and 1452 ¢tmmodes were reduced to about 5Grwhile the
splittings in the other two modes remained mostighanged. They drew attention to the
large discrepancy between their experimentally rdateed splittings and various

calculated resultg31-34].



In 2010 and 2013, Luttschwagetr al. performed a detailed gas-phase IR (2'cm
resolution) and Raman (1 ¢hresolution) study of malonaldehyde using supers¢eti
expansion and matrix isolation techniques (Ne, Xe, N, - 0.12 cni resolution)
covering the 200-3200 chrregion[35, 36] They initially examined the C-O-H in-plane
bending motion with the intention of locating a mothat enhances the tunnelling
splitting, as other experiments had only shown c&do of splitting with vibrational
excitation. After successfully measuring the C-Cbehd splitting to be 69 ch(the
largest splitting observed in malonaldehydi@], they then measured the tunnelling
splitting for a large number of excited vibratiofi$iey provide assignments for a total of
14 excited vibrations using their own measurememtd previous observatiori86].
Comparing these experimental splittings to thecaétpredictions, they found that the
work of Hammer and Manthi87] produced the closest agreement. They proposed two
alternative and tentative assignments for the Iegidency ring opening/closing mode
(which they callvO- - - 0), both of which place one tunnelling compoér241 crit. The
first, corresponding to atsymmetry fundamental (usingxClabels), assigns the other
component at 184 ¢ resulting in a 57 crhsplitting. In this case, a-type bands would
be observed at 184 and 220 tmnd b-type bands would be observed at 163 and 241
cm™. The second assignment, corresponding to;@yrmmetry fundamental, places the
other component at 506 Emresulting in a 265 cthsplitting. In this case, a-type bands
would be observed at 220 and 506’cand b-type bands would be observed at 241 and
484 cm'. They also assigned the lowest frequency out-afiplmode to a pair at 273 and

282 cm" with a splitting of 9 cnit.



1.2 - Review of Theoretical Work on Malonaldehyde

Due to its recognition as a prototypical systenm fotramolecular proton
tunnelling and the abundance of experimental datacbmparison, a large number of
theoretical studies have been performed on malehgtte[6-13, 18-20, 29, 31-34, 37-
100]. Malonaldehyde is a 9-atom system with 21 vibralodegrees of freedom,
meaning that purely quantum mechanical treatmeritgshe molecule in its full
dimensionality are computationally expensive. Dgrithe time when most of the
computational work was done on malonaldehyde, siattulations were not feasible.
Instead, many researchers made use of variousle¥/semi-classical techniqugl, 32,
38-55] such as the model developed by Makri and Millet®89[38] and the instanton
approach (for example, in Refd6, 54), which are based on describing the motion in a
classical potential well and accounting for thebadality of tunnelling to the other well
using the WKB approximation. Some auth¢@®, 40] note that the instanton method
neglects some effects of anharmonicity in the tilmgemode, a problem which becomes
worse for low potential barriers.

Many of the early attempts at semi-classical miadedf malonaldehyde still used
reduced-dimensionality approaches to lessen cortipuodh expensg41] with the first
21-dimensional instanton treatment being made bydamthinaet al. in 1995 [42],
although they used a simplified version of theansbtn theory and a simple (Hartree-
Fock level) potential energy surface (PES). Smddaaet al. determined the tunnelling
splitting to be 19.7 and 2.6 éhior the regular and deuterated (at the tunneliosjtion)
molecule, respectively. This full-dimensional cddétion showed that heavy-atom motion

makes a significant contribution to the tunnellisglitting. This conclusion was



supported by the work of Sewell, Thompson and (319 43] using the Makri-Miller
model, who compared 15-dimensional (in plane) afddiEnensional semi-empirical
(based on measurements by Wilstral) PESs, resulting in tunnelling splitting values of
24.5cm™ [43] and 21.8 cil [31] for the ground state, respectively, although thairier
height was quite high (10.0 kcal/mol or 3500 9ni31]. Sewellet al. also calculated
frequencies and tunnelling splittings for excitetrational states, and noted that the
largest splitting was predicted for the lowest-frency in-plane mode (the--@ ring
opening/closing mode). Mil'nikogt al.[44, 45] applied the instanton theory using a PES
calculated at the coupled cluster level (CCSD(@0gj-cc-pVTZ), resulting in a splitting
of 21.2 cmi* and a more reasonable barrier of 3.81 kcal/maB&3 cni* [45]. Benderskii

et al. developed the perturbative instanton approach seraes of papers from 1997 to
2001. Many of these use malonaldehyde as a test[83s 46-48] and in their 2000
paper[48] they use this method with a fully multidimensiorRES to calculate the
normal mode frequencies, tunnelling splittings anbarrier height of 4.3 kcal/mol or
1504 cnt.,

Coupling of the small-amplitude vibrational modesthe tunnelling motion can
be treated using either the sudden (tunnellingast €Eompared to other vibrations) or
adiabatic (tunnelling is slow compared to otheratimns) approximation. The sudden
approximation fixes the small-amplitude coordindtetheir equilibrium values as proton
tunnelling proceeds, whereas the adiabatic appratkam allows the small-amplitude
coordinates to assume a new equilibrium positiomaah point on the tunnelling path. In
2012, Smedarchinat al. developed a variant of the instanton method (kraum

instanton”) that is intermediate between the suddad adiabatic approximations,



allowing it to handle a wide range of frequenciesthe coupled modeplO]. The
tunnelling path is also heavily dependent on whetthe small-amplitude motions couple
in a sudden or adiabatic way, following the minimanergy path (MEP) if the behavior
is adiabatic and diverging from the MEP in the srddasg32]. The tunnelling path was
investigated in detail by Tautermaen al. in 2002[49, 50] where they concluded that
the tunnelling path lies surprisingly close to MEP.

Early quantum ab initio treatment of proton tunnelling dynamics in
malonaldehyde were handled with a reaction pathcaggh[7, 20], using one coordinate
to represent the proton transfer motion and lettthg other coordinates adjust
adiabatically at each point along the path. In 198&rington and Millef56] were the
first to employ a two-dimensional reaction surfaescription, using the distances from
each oxygen atom to the tunnelling proton as lamgelitude coordinates. This work was
soon followed by other reduced dimensionality riescsurface descriptior{87-64]. The
ground state tunnelling splittings produced usimgse models ranged from[®7] to 60
[56] cmi?, although the calculations also gave high barhieights of 6-10 kcal/mol
(2100-3500 crif), even when the splittings were in agreement eitheriment.

In 2001, Tuckerman and Marx demonstrated the fsgmit contribution of
heavy-atom quantization in the tunnelling splittifgs]. In 2013, Siebrancet al.
introduced a set of rules to determine whethertigxgcia given vibrational mode will
increase or decrease the tunnelling split{i®g]. These rules explain the experimental
[36] and theoreticdl37] observations that most excited vibrations resulh decrease in

splitting.
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In 1998, Tayyari and Milani-Nejad performed viboail frequency calculations
at the MP2 level of theor{67] and used these results to reassign the experimenta
spectrum of malonaldehyde and its deuterated istdgpes taken by SWI17]. These
reassignments were supported by the work of Spdragsen in 199968]. In 2003,
Tayyari et al. were able to obtain very good agreement with tkgeeemental splitting
(20.8 and 22.8 cih using MP2/6-31G** and B3LYP/6-311++G** respectiyp and
molecular geometry using a two-dimensional poténf@9]. Unlike the work of
Carrington and Millef56], and of Shidat al.[57, 58] they treated the other coordinates
non-adiabatically (fixing them at equilibrium agtle-O-H bending and O-H stretching
coordinates were varied). Based on this success, #ngued that the tunnelling in
malonaldehyde is a two-dimensional process and doegvolve significant motion of
the heavy-atom frame.

The full-dimensional PES calculated using advanaedinitio theory at the
CCSD(T) level by Wangt al.in 2008[70] has a potential barrier of 4.11 kcal/mol (1438
cm™) and is considered to be the best avail§ihlg. It has since been used in a number of
multi-configuration time-dependent Hartree caldolas [37, 71-74] the most recent of
which was performed by Schroder and Meyer in 2[¥14 and involves calculations of
vibrational frequencies and tunnelling splittindgstt are compared to the most recent
experimental assignments by Luttschwageral. [36]. The lowest energy modes are
predicted by Schréder and Meyer to be at 252, 388, and 523 cthas compared to
Luttschwageret al's assignments of 184 (or 241 in their alternaigsignment), 273,
390 and 512 cihwhere the given states are the lower tunnellingmmnents of each pair.

Although the position of the lowest state from Réf.] matches well with Luttschwager

11



et al's alternative assignment, the splittings in tldasecdo not agree since Luttschwager
et al. proposes a splitting of 265 chwhile Schréder and Meyer calculate it to be 64.2
cm™. This splitting is close to that of Liittschwagerl's lower-splitting assignment, but
then the lowest state is at 184 tmvhich is not in agreement with Schroder and Meyer.
The other tunnelling splittings produced by Schréaled Meyer match the observations
quite well and are consistent with the calculatiohBlammer and Manth@7].

The most recent calculation of the vibrationalgtrencies of malonaldehyde,
without splitting of excited states, was reportgdMiizukami et al. in 2014[75], along
with tunnelling splitting values of 21.0(4) and @2cmi’ for the regular and deuterated

isotopologues which are in good agreement with exjsant.

1.3 - Goals of this Project

Other than the study of the tunnelling-split barir near 1594 cthby Duan and
Luckhaus[27], the infrared vibrational spectrum of malonaldehyths not yet been
explored at rotational resolution. Furthermore, tmest recent set of vibrational
assignments in the region below 5007cf86] contains some ambiguities and is not in
good agreement with theoretical calculations. Thkailable theoretical results vary
considerably and there are many different and oatimty ideas about how the proton
tunnelling should be modeled. Additional high-regimn spectra in the far-IR region,
particularly below 500 cfh were needed to begin resolving these ambiguities to
provide additional data for comparison with futammputational work.

In this study, rotationally resolved Fourier treomm infrared (FTIR) spectra of

malonaldehyde were obtained in the 100 - 1600 oegion using the Far-IR beamline at

12



the Canadian Light Source synchrotron in Saskatd®askatchewan, Canada. A
synchrotron was used as the source for this expatidue to a number of advantages
that it provides. First, the synchrotron produdgbktlacross a large range of frequencies,
allowing easy access to the region below 1000" evhich is normally difficult using
FTIR spectroscopy with a conventional source. sbghroduces a very narrow beam of
light, which allows small aperture sizes to be usgtiout a significant loss of radiation.
This means that the greatest advantage is attawiezh operating at the highest
resolution, when small apertures are required.

A secondary goal of this project was to descrite proton transfer using the
generalized semi-rigid bender (GSRB) Hamiltoriadl], which is a model for treating a
large-amplitude vibrational motion along with thetational degrees of freedom.
Although the GSRB was not used in this projectumber of steps were accomplished in
preparation for its use. In particular, the minimemergy path was determined using a
two-dimensional potential energy surface with theg-G9 and Q-Hg distances as

coordinates (as labeled in figure 1.1.1).

13



Chapter 2
Spectroscopic Background

2.1 - The Use of Symmetry in Molecular Systems

All molecules can be classified by using groupscWwhrepresent their symmetry
under certain operations. A molecular symmetry (M&up consists of permutations
(which exchange identical nuclei) and the inversigperation (which inverts the
coordinates of all nuclei and electrons) as welthasr products (permutation-inversion
operations). Each of these operations resultsconfiguration indistinguishable from the
starting configuration and leaves the molecular Htaman unchanged. The notation (12)
will be used to indicate a transposition of nudle&nd 2 and more complex permutations
will be indicated by products of transpositionseTihversion operation is denoted &hd
permutation-inversion operations will be writtenapermutation with an asterisk added
to the end, for example (12)Another symmetry group that is used is the pgimtup,
which is composed of rotations, reflections throughplane of symmetry and the
inversion operation, all of which apply only to theclei. The molecular symmetry group
is used here to describe malonaldehyde insteauegbadint group for reasons that will be
explained in the next section.

The symmetry operations of either of these grazgrs be mapped to a group of
matrices which obey the same multiplication talde¢hee symmetry group. This mapping
represents an isomorphism if it is one-to-one dwomomorphism if it is many-to-one.
The matrix group is then called a representationtted symmetry group. Most
representations can be put in block-diagonal famth each matrix element of the group

having the same block structure as the other elsn&uch representations are called
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reducible representations and each set of corréappnblocks forms another
representation. Representations that cannot ba gl ck-diagonal form and reduced in
this way are called irreducible representationser&hare a small number of unique
irreducible representations for any group (the samthe number of classes of symmetry
operations) and their properties are summarizedhamacter tables. Character tables have
columns corresponding to the group operations and corresponding to the irreducible
representations of the group. The elements ofahke tare the characters (traces) of the
matrices that make up each representation. For donensional representations
(including all of those used to describe malonaydief) the characters are the single
elements of the matrices and can only take theegall since all symmetry operations
must return the nuclei to their original positiomben applied twice. Any function that
describes a molecule must transform in a way thay® the MS group multiplication
table. That is, for a function F and symmetry opers Q, O, and Q, if 0,0, = O; then
(0102)(F) = Os(F). Therefore, such a function must transform igatly to one of the
irreducible representations of the group. For thges considered here (one-dimensional
irreducible representations) either O(F) = F or)3{FF for any symmetry operation O.
When solving the Schrodinger equation for a compielecular system, the
problem is typically separated into sets of simigrees of freedom (translational,
rotational, vibrational, electronic) and these atefirst solved independently. These
solutions do not necessarily transform in a wayt tisaallowed by the molecular
symmetry (as an irreducible representation). Lineambinations must be formed to
ensure that they have the correct symmetry, arskethew solutions are then said to have

been symmetrized. The solutions to the Schrodiegaations for each of these parts are
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then multiplied together to give an approximateusoh for the molecule. These
approximate solutions to the full Schrodinger epumatan then be used as a basis set for
a matrix description of the Hamiltonian, which daen be diagonalized to give the true

wavefunctions and energies for the molecule.

2.2 - Structure and Symmetry of Malonaldehyde

When malonaldehyde is in its equilibrium stateg tydrogen-bonded proton
occupies a position with unequal distance from eafcthe two oxygen atoms and the
molecule belongs to the sGooint group. The € point group has two irreducible
representations as shown in the character talidee (8a2.1), with symmetry labels A" and
A", which are respectively symmetric and anti-syatme with reflection in the plane of

the moleculed;).

C, E Oy,

A’ 1 1
A" 1 -1

Table 2.2.1: Character table for the @oint group.

The transition state of malonaldehyde, in which groton is equidistant from
both oxygen atoms, has a @xis bisecting the O-H-O angle and thus belonghedG,
point group. The & point group has 4 irreducible representationddtat.2), of which
two are symmetric (Aand B) and two are anti-symmetric {Aand B) with respect to
reflection in the molecular plane. Additionally,dvare symmetric (Aand A) and two

are anti-symmetric (Band B) with respect to rotation about the &xis.
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C,y E C, o O,
Aq 1 1 1 1
A, 1 1 -1 -1
B; 1 -1 1 -1
B, 1 -1 -1 1

Table 2.2.2: Character table for theoint group. They, operation is
reflection in the molecular plane amdis reflection in the perpendicular plane.

It is evident that the large-amplitude proton &fen process that occurs in
malonaldehyde makes it ill-suited for descriptiamember of a single point group,
since this would depend on whether it is in the ildqum or transition state
configuration. Instead, it is more appropriate ésaibe malonaldehyde as a member of
the molecular symmetry groups @hich accounts for the effects of such large-amgé
changes in structure (as described by Bunker amskdein chapter 3 of R€fL02]). The
G4 MS group is isomorphic to the,Cpoint group, although, as described above, the
symmetry operations of the,@roup consist of permutation and permutation-isiegr
operations instead of rotations and reflectionsbl¢ta2.2.3). Operations such as
(13)(45)(79), which connect the two equilibrium @garations of malonaldehyde, would
not be symmetry operations of the molecule if pnaimnnelling was unfeasible. The,C
symmetry labels can still be applied to the symgnsfrecies of Gsince the groups are
isomorphic, and it is these labels;(A\,, B; and B) that will be used throughout this

thesis.
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G, E  (13)(45)(79) (13)(45)(79)* E*
A 1 1 1 1
A, 1 1 1 1
B, 1 1 1 1
B, 1 1 1 1

Table 2.2.3: Character table for the,@olecular symmetry group. Numbers enclosed
in parentheses represent cyclic permutations ofrilicated nuclei (as labeled in figure 1.1.1).
An asterisk indicates the inversion of the coaaitids of all particles.

2.3 - Choice of Axis System and Representation

The positions of the nuclei and electrons in aaowole can be described using a
set of Cartesian axes fixed in place relative t® ¢xperiment (the lab-fixed axes), in
which the N nuclei have 3N degrees of freedom. \Bigally want to consider only the
3N-3 rotational and vibrational degrees of freed@m, a translationless second axis
system is defined which is parallel to the lab-fixeame but with its origin at the
molecular center of mass (the molecular center agsrframe). Another axis system can
then be defined for use in describing nuclear nmotadnich is parallel to the lab-fixed
frame but with the origin at the nuclear centemafss (the nuclear center of mass frame).
For the nuclei of a non-linear molecule there aretdtional degrees of freedom and thus
3N-6 vibrations. It is also desirable to separh@sé two types of motion by defining an
axis system that rotates with the molecule andtsasrigin at the nuclear center of mass
(the molecule-fixed frame). The rotational positisnthen given by the Euler angles
relating these rotating axes as defined in thefibdd frame to the axes of the nuclear

center of mass frame.
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The difficulty arises when attempting to define tholecule-fixed axes relative to
the nuclear coordinates, since the vibrational amotiauses the structure of the molecule
to change over time. These vibrational motions alo contribute to the rotational
angular momentum of the molecule, especially in ¢hee of large-amplitude motion
such as the proton tunnelling in malonaldehyde,ingpit impossible to truly separate the
rotation from vibration. For any single rigid sttue of a molecule we can define the
principal axes of rotation, for which the momenirddrtia tensor becomes diagonal.

One set of rotating axes that can be used formaédehyde is the set of principal
axes of the structure for which all of the smallpditnde vibrational coordinates occupy
their equilibrium positions and the tunnelling coiate is at the value corresponding to
the transition state (so that the tunnelling proi®requidistant from the two oxygen
nuclei). This set of axes is indicated in figur8.2.and is the one which will be used in
this thesis. Since these are not the principal ax¢lse equilibrium state the moment of
inertia tensor in this configuration will not beadonal, instead having non-zero off-
diagonal terms (products of inertia) connecting tie in-plane axes. The definition of
the axes for other configurations is handled byaishe Eckart conditions, which are a
set of equations that minimizes the coupling betwabration and rotation. This process

is discussed in detail by Wilson, Decius and Crmoshapter 11 of Ref103].
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Figure 2.3.1: Principal axes of the transition gtatonfiguration of malonaldehyde.

By convention, the three principal axes of an asgtnic molecule are labeled a,
b and c with the diagonal elements of the momemertia being in the ordeg K I < I.
The rotational constants, being inversely propagldo the moment of inertia about each
axis, are in the order A > B > C. There are six svégalled representations, not to be
confused with matrix 'representations' of symmefryups) in which these structurally
determined principal axis labels can be assigndfiéoc, y and z Cartesian labels of the
rotating axis system. In a convention establishetMatson[104], they are referred to as
[, Il or 1l as the z-axis is assigned to a, b arespectively, and with a superscript r or |
added to distinguish between the right-handed eftchinded way of assigning the other
labels. The flrepresentation (x = ¢, y = a, z = b) will be usadlusively in this thesis so
that the z-axis corresponds to the Symmetry axis in the transition state configunatio
To avoid confusion between this use of the wongr&gsentation' and its use for symmetry
groups, the latter will be referred to as a 'synmnetpresentation' wherever there might

be ambiguity between the two.
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The rotational symmetry of a molecule can be rsgmeed by a number called the
asymmetry parametek), which is a function of the rotational constafds principal
moments of inertia) given by:

(_2B-A-C
A-C

If B and C are equak is -1 and the molecule is a prolate symmetric tbp.and
B are equalk is 1 and the molecule is an oblate symmetric tgjalonaldehyde

(k =-044) is a very asymmetric molecule, although it is man@ate than oblate.

2.4 - Vibrational Coordinates and Tunnelling Synti¢t

The 3N-6 vibrational degrees of freedom for a finear molecule are generally
expressed as a set of independent normal coordinathe motion along each of these
coordinates is a small-amplitude vibration, they ba approximated by non-interacting
one-dimensional harmonic oscillators. The totalrational wavefunction is then given
by the product of the individual harmonic oscillatwavefunctions, and the total

vibrational energy is the sum of their eigenvalues.
(21) Wyp =YW, Py
(22) E, =E,+E,+...+E;.

These approximations are not valid in the cadargk-amplitude motions such as
the proton transfer in malonaldehyde. Motion altimg proton tunnelling coordinate can
not be described as that of a harmonic oscillator iais not independent from the other

vibrational modes. One consequence of this is timatexcited states of the tunnelling

mode are not evenly spaced in energy as they wmifdr a harmonic oscillator, but are
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instead grouped into pairs. This grouping is tharabteristic tunnelling splitting of such
systems and it can be explained by consideringtbgression as the tunnelling barrier is
gradually lowered from an infinitely high limit, shat tunnelling is unfeasible, to the
low-barrier case that is actually observed.

In the infinite barrier case proton transfer daes occur and there are now two
energetically equivalent versions of the molectigu(e 2.4.1), one with an £Hg bond
and one with an ©Hg bond. These two versions (A and B) are unableterconvert and

so exist independently. Each has an equivalenbfsetgenstates|(,, > and|W,, >
respectively, for vibrational quantum number n)ttdascribe the proton in a single
potential well and have zero amplitude (and prdidgbidensity) in the well
corresponding to the other version, as explainddeh[102]. If these potential wells are
treated as harmonic, the eigenstates are eventgdpaenergy.

_H, H,.
/ 4 (i\s /?) 4 ()\5
Co G € 5
HN o7 H N A

2 | 2
H, H

A B

Figure 2.4.1: Energetically equivalent versionsaid B) of
malonaldehyde connected by proton tunnelling.

H9

8

If the barrier height is made finite, th&,, > and| g, > are each able to tunnel

into the other well. The eigenstates interact vadth other and each pair of equal n
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forms the two superposed staté\,t/lszc(hpAn >+ |Wg,, >). The new set of eigenstates

corresponding to this vibrational mode (the turinglilmode) will appear grouped into

pairs as shown in figure 2.4.2.

Figure 2.4.2: Energy levels of a double-well poi@nt the a) infinite-barrier, b) high-barrier, cpw-
barrier and d) zero-barrier cases. In a), the levate not split by tunnelling. b) and c) displaprelling
splitting of differing magnitudes. d) shows the evidhgle-well potential obtained from lowering the
barrier to zero. The tunnelling mode in malonaldédhas a barrier like that of c), where the growstate
splitting is within about an order of magnitudetbé vibrational state spacing.

The pairs will be closely spaced and approximatalgtered on the energy of
|W,, > or|Ww,, > near the bottom of the potential well, becomingenwidely spaced

as the state energies approach and exceed therbagight. If the barrier continues to be
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lowered to zero, the states will once again becewenly spaced in energy (assuming
harmonicity), but with a smaller spacing correspogdio the new wider single-well
potential.

Examination of the tunnelling motion reveals thas symmetric with respect to
inversion and anti-symmetric with respect to the3)(45)(79) and (13)(45)(79)*
operations, belonging to the, Bepresentation of the /S group. This can be seen by
considering the effect of each operation on the @sHid. If the molecule starts in version
A (with an -Hg bond) then the (13)(45)(79) and (13)(45)(79)* @pens convert it to
version B, while the inversion operation leavesuwérsion unchanged.

Each of the remaining 20 vibrational modes in maldehyde can be described as
approximately harmonic for low vibrational excitati However, each excited vibrational
statev, Is paired with the nearby combination statet+ v', wherev' is the tunnelling
mode. These two states are referred to as theettingncomponents' of the vibration.
The notationv” will henceforth be used to refer to a state withrational quantum
numberv in a given mode and' in the tunnelling mode. Combination states of wvo
more small-amplitude vibrations (called, v, ... v could be represented by the symbol
v1V2... vy, although such states will not be considered imttresis. The ground state will
be denoted Vand its upper tunnelling component is thénThe term ‘fundamental’ will
refer to a vibrational transition from either ok#le two states to th& ar 1' states of a
single mode. The 'Ostate for malonaldehyde is located near 21' @hove the ground
state and will have a Boltzmann population veryseldo that of the ground state at

temperatures near°C, as was the case for the spectra that are ugeésimork. The 6
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and G states forming the next pure tunnelling mode paave not yet been
experimentally identified.

Since the tunnelling coordinate is not independenmtn the other modes, the
energy of a combination state including the tunnglmode can not be approximated by
the sum in equation (2.2). That is, the energyhefX combination state, denoted EY1
will in general be different than the sum of thkahd f state energies. Instead, the
tunnelling splitting in the excited state, EXt E(1°), will depend on how the potential
along the tunnelling coordinate changes as a regulhe motion associated with the
excited small-amplitude mode. It is expected the tunnelling splitting in excited
vibrational states will vary considerably from th€1 cm' splitting observed in the

ground state, and this has proven to be true asrshoRef.[36].

2.5 - Rotational State Labeling of Asymmetric Moles

The rotational states of an asymmetric molecule>-(B > C) are eigenfunctions

of the squared total rotational angular momenturcarzﬂtp:r:]2 with quantum number J,

but they are not eigenfunctions ﬁ)zf (the z-component od in the molecule-fixed frame)
in any representation. The use of J alone is nougm to uniquely identify a state, so it
becomes necessary to uAI;equantum numbers corresponding to the prolate A=>C)

and oblate (A = B > C) symmetric top limits as aiddial labels. The following
description abbreviates some of the points dennethapter 11 of Ref102].
For a symmetric top molecule, the rotational Héonilan can be simplified due to

the presence of two identical rotational constaatewing it to be expressed in terms of

the angular momentum operatd]?sand 32 in a representation where the z-axis is the
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symmetry axis. The wavefunctions are then simutiaseeigenfunctions aol? and :12

with quantum numbers J and k. The total angular emdaom and its z-axis projection are

thus both conserved quantities in the absencertdirbing fields. The wavefunctions are

also eigenfunctions of the z-component Xfin the lab-fixed frame (with quantum

number m), but this operator does not appear irfi¢hd:-free Hamiltonian so it does not

contribute to the energy. Since tﬁzeoperator appears squared in the Hamiltonian, the

eigenvalues oH only depend on the absolute value of k, which aleK. In the prolate
case the'lrepresentation is used which means that the 2 iat@ssigned to the a-axis,
and in the oblate case the'ltepresentation is used which means that the 7 labe
assigned to the c-axis. K and k can then be cé#llgahd k in the prolate case and. Knd
kc in the oblate case.

The asymmetric top Hamiltonian (used for maloniajdie) can not be simplified

in the same way since the three moments of inaltiaave different values. Instead it is

expressed in terms of the operata?sand :lz along with the squared ladder operators

(3*)2 and (J°)?, which raise and lower k by 2. Since the laddegrars do not mix

states of different J, J remains a good quantumbeurand the total angular momentum
is still conserved in the absence of external sieldowever, the presence of these ladder
operators means that the asymmetric top Hamiltosiaot diagonal in the basis of either
prolate or oblate symmetric top eigenfunctionstaad having off-diagonal elements
connecting states which differ in k by 2 quantar &ach block of given J (and m) in the
Hamiltonian, smaller sub-blocks can be formed hpgisombinations of the symmetric
top eigenfunctions with common K (k being K or -Kjour of these sub-blocks are

formed depending on the parity of K and whetherdbmbinations are made by adding
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or subtracting the equal-K eigenfunctions. Diagmmad the Hamiltonian matrix to
obtain the asymmetric top eigenfunctions result®ixing of these basis functions within
each of the sub-blocks (although not between th&m mixing involves basis functions
with different values of K(using the prolate basis) or. Kusing the oblate basis). This
demonstrates that neither, Kor K. are good quantum numbers for an asymmetric
molecule.

If we were to smoothly distort an asymmetric maledoy adjusting the value of
B so that it becomes a prolate symmetric top (fer 8) or an oblate symmetric top (for
B = A) then the energy of each of its states wgbahave to vary smoothly so that they
become the states |JKin the prolate case and |&Kin the oblate case. This allows the
states in the asymmetric case to be labeledag Where the K values are taken from
these symmetric top limits. Figure 2.5.1 illusteatbis correspondence and also shows
that each [J, k& state with K > O in the prolate limit splits into two states #e
symmetry is broken. These eventually map to statits K. values of J - K and
J - Ku+ 1 in the oblate limit. The K= 0 states only map to the K J oblate states. This
demonstrates that the symbal,d uniquely labels the asymmetric top states and
establishes the restrictions that K K. must equal either J or J + 1 and thatakd K

must be< J.
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Figure 2.5.1: Rotational states (only J = 2 is sim)weis a molecule is distorted from a prolate to
an oblate symmetric top. In the asymmetric regiaih K, and K. must be used to label a state.

2.6 - Rotational and Vibrational Selection Rules
A molecule exposed to light is in the presencesdlillating electric and magnetic
fields, and these fields can interact with the gbdrparticles in the molecule causing

transitions between states. The electric fieldlmaexpressed as:

E = Re[E, exp(k [T — axt)]
and the expansion @xp(k T mroduces a series of terms which can be put irfficime
of effective electric and magnetic multipole monsenthe electric dipole contribution
which results from the constant term in the expamss usually dominant (unless it
vanishes due to symmetry), and the resulting ttiansi are the most intense. The
intensity of an electric dipole transition is proponal to the square of the transition
dipole moment integral M
(23) Mj=<W |R|W,>=<W |, |W >+ <WIR, |¥>+<W A |V >
where¥; and¥; are the two states involved in the transition ant and c designate the

molecule-fixed axes. Transitions are forbidden histintegral vanishes and allowed

otherwise. In many cases only one of the termshenight of equation (2.3) will be non-
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zero, and the resulting transitions are called patyb-type or c-type based on the
remaining component qi

The electric dipole moment can be written as a sdinthe permanent dipole
momentﬁp and an oscillating terrﬁv. The permanent dipole moment is defined as the
dipole moment when all of the vibrational coorde®a{Q, Q,...) are zero, so it only
depends on the rotational coordinates (the Eulglean, f andy). The ﬁv term depends

on the both the rotational and vibrational coortBsasince the dipole moment oscillates

with the changing geometry. As a result; &&n be written:
Mj = <W IR, @BY)+/, @ BY.Q.Q,..) W >
For M; to be non-zero, the integrand must depend on twdmates of

integration (sincel; and¥; are orthogonal for # j). In a pure-rotational transitior;ﬁV

can be neglected since it is small comparecﬁpt(which depends on the rotational
coordinates:

Misot = <@, [, @BV ¥, >
where ¥, are the rotational wavefunctions. For malonaldehythe equilibrium
permanent dipole moment is along the b-axis (tagig-using the llrepresentation), and

so the pure rotation spectrum consists of onlyde tiyansitions.

For a vibrational transition the permanent dipamlement term vanishes since it
does not depend on the vibrational coordinatesjirigaonly theﬁV term. This means

that vibrational transitions depend on the chamgdipole moment along the vibrational

coordinates involved in the transition rather tlbarthe permanent dipole moment:
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MI]'Vlb =< Lprv’i “jv (a aB1y1Q11Q21---)| LIJrV’j >
where ¥\, are the rotation-vibration wavefunctions. The &tiwnal symmetry
will determine which components qifv vanish. Vibrational bands can then be called

a-type, b-type or c-type bands if a single compomemains, or hybrid bands if more
then one component is non-zero. The overall rataticontour of a vibrational band
differs with each band type. Of particular notehat bands of b-type do not have the
intense and easily recognizable Q-branch regioh ¢haracterizes the a- and c-type
bands. This makes b-type bands more difficult tmgaize in the spectrum.

It can be shown (as in chapter 14 of R#02]) that M; will vanish according to

the vanishing integral rule if (W,)OTI(u,)0r(Y,) does not contain the totally
symmetric representation for an electric dipole porentp, (where I'(F) is the
symmetry representation of a function F). The conemb [i, which satisfies this

condition can be determined for a given vibratiamahsition using the character table by
matching the symmetry of the transition with thétttee electric dipole. Vectors along
each axis of the molecule can be assigned symradteys based on how they transform
under the MS group operations and these specialslaye often included in character
tables (these are added to thedBaracter table in table 2.6.1). From this we 2@ that
the a, b and ¢ axes (y, z and x in therdépresentation), and thus the corresponding
electric dipole components, have, B, and B symmetry, respectively. The symmetry of
a transition between two vibrational states withela I and I can be found by
determining the symmetry of the direct producteé tepresentations'[J I (see table

2.6.2).
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G, | E (@3)@45)(79) (13)(45)(79)* E*
A 1 1 1 1 b
A, 1 1 1 -1
B, 1 1 1 1 ¢
B, 1 1 1 1 a

Table 2.6.1: Gcharacter table with the symmetry of a vector gleach axis indicated on the right.

The symmetry can then be found for each vibratitnaasition from the ground
0° (A} and G (B,) pair to the 1 and 1 pair corresponding to vibrations of each
symmetry species (where the symmetry of théetel is given by’ 0 B, for a vibration
of symmetryl’). Comparing these with the symmetry of the dipanlement vectors gives

the vibrational band types and the results are sanmed in figure 2.6.1.

B [ B Bi Ay Ay

Table 2.6.2: Multiplication table for the 1S group.

Four vibrational bands are expected for each efithplane fundamentals (of;A
and B symmetry). Two of these will be a-type band$-©1* and G — 1° for vibrations
of A; symmetry; 8 — 1° and 6 — 1' for those of B symmetry) and two will be b-type
bands (8 — 1° and 8 — 1* for vibrations of A symmetry; 8 — 1' and ¢ — 1° for
those of B symmetry). Two c-type bands are expected for ezcthe out-of-plane
fundamentals 0— 1° and 8 — 1* for vibrations of B symmetry; 8 — 1' and ¢ — 1°

for those of A symmetry) with the other possible transitions gdorbidden.
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c) Vibrational Mode of B4 d) Vibrational Mode of A,
Symmetry Symmetry

Figure 2.6.1: Selection rules and band types forational fundamentals of
malonaldehyde. This figure was inspired by figRiia Ref[24].

A vibrational transition between two states wittiational labelsd kc and Xa' ke
is allowed in the electric dipole approximationyilAJ is -1, 0 or 1, and these cases are
respectively called P, Q and R transitions. Thevadd changes in the indiceg &nd K
depend on whether the transition is a-type, b-tpe-type. In a-type transitionaKs is
even (0, £2...) andK.is odd (¥1, £3...). In b-type transitions, batK, andAK. are odd.

In c-type transitionsAK, is odd and\K. is even. In all of these cases, the transitionk wi

32



the smallest allowed change in each K value arentbst intense and only these are

observed in this work.

2.7 - Nuclear Spin Statistical Effects

The total wavefunction of a molecule must be symnimevith respect to the
exchange of two identical bosons and anti-symmaititic respect to the exchange of two
identical fermions. Any allowed total wavefunctiohmalonaldehyde must then be anti-
symmetric to the ggroup operation (13)(45)(79) since nuclei 7 anat® fermions and
the rest are bosons. From this, the character tgalde 2.2.3) shows that the total
wavefunction can only be of;Br B, symmetry depending on its parity (symmetry with
respect to B. Therefore, a given rovibronic wavefunction of loreldehyde can only
combine with an appropriate nuclear spin wavefmcgo that the product has one of
these two symmetries.

Following the process described in chapter 8 of. RE2], the two possible
. . . : 11 1 -1
spin-Y2 eigenfunctions (in the forfgm, > ) arelE,E > (calleda) and|§,7 > (called

B). For a nucleus n, the spin functions will be deda" andp". The combined Hand H

spin functions are then given by:

ms=1 a'o®

ms =0 o', po®  or i(0( B° +B’a®) when symmetrized
J2

ms - _1 B7B9

The m = +1 functions are unchanged by all @erations and have;Aymmetry,

while the m3 = 0 functions generate the reducible represematipl] B,. Combining
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these together gives the representation [3/,. The remaining four spin functions
belonging to the Kland K nuclei are unaffected by any, ®perations and are of;A
symmetry. Combining these with the symmetry repreg®n of the H and H spins
gives a total nuclear spin representation of; ZA(3A; [0 By), which reduces to
12A, 0 4B, since A is the totally symmetric representation. Rovibcomavefunctions of
B: and B symmetry that must combine with an Auclear spin function to produce a
valid product will have a weighting of 12, and roronic wavefunctions of Aand A
symmetry that must combine with a Buclear spin function will have a weighting of 4,
resulting in a 3:1 ratio.

The ground state electronic wavefunction of mddelayde is of A symmetry
and is totally symmetric. The’@nd G vibrational states are ofiAand B symmetry as
described above, and only transitions originatirggmf these states will be considered.
Finally, the symmetry of the rotational stateskd can be determined by separating them
into four groups based on whetheg &d K. are respectively even (e) or odd (0). These
groups and their symmetries are eg)(&0 (B), oe (B) and oo (A). The final nuclear
spin weightings for the®and 8 rovibronic wavefunctions are given in table 2.%here
it is apparent that a 3:1 alternating intensitytgrat should appear in the spectrum. As
shown, the rotational state weightings only dependhe sum of Kand K, with the
weighting of the ee and o0 states, (KK even) being the opposite of the eo and oe states

(Ka+ K 0dd).
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Vibrational KaK¢ K, + K, Spin
Symmetry Parity Parity Weighting
ce even 4
A 00
1
€0 odd 12
oe
e even 12
B2 00
€9 odd 4
oe

Table 2.7.1: Nuclear spin weightings for malonalgidda
vibrational states of Aand B symmetry.

2.8 - Rotational Energy Level Structure

In the rigid-rotor approximation the energy ofet ef states with common Kor
common K will increase with J, and for a common value ahd energy will increase
with K, and decrease withKas shown in Refl102]). The spacing between the two
states of common J and, Kvith K¢ being J - Kand J - K + 1) and of common J and. K
(with Kz being J - Kand J - K + 1) will vary considerably and in many cases ohthe
two pairs will appear to be degenerate at experiateresolution. This apparent
degeneracy will have consequences for the obsemtewsities in the spectrum since the
two states will necessarily have opposite spin Wtaigs (being a pair of even and odd
Ka + K¢). Alternating intensities will not be observed lnitt a region where this apparent
degeneracy occurs and will appear only when ifted.

In the case of apparent degeneracy, the rotatgiatds can be labeled using only
the set of prolate or oblate symmetric top quantwmmbers asyJfor K being K, or K.
This indicates that the apparent degeneracy ooshen the molecule is, in a sense,
behaving like a symmetric top. If the moleculensaistate with Kor K. being close to J

then most of the angular momentum is about theiz-@xa prolate or oblate symmetric
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top. In this case the average structure of the catdeover multiple rotations about the z-
axis will be close to that of a symmetric top as xhand y components of the moment of
inertia are averaged together. From this infornnglianent it would be expected fog, kKo
be closer to a good quantum number for statesgbf Ki and similarly for K.

This conclusion can also be reached mathematitgllgonsidering the form of
the asymmetric top rotational Hamiltonian. Whenresping the Hamiltonian in the basis
of prolate symmetric top wavefunctions, the offgtiaal terms take the form:
<k, = 2|@ ¥ 13k, >={[30+D - (k, ~D(k, ~2)I[ IF+1) -k, (k, -1)]} "*A*
<Jk,+ 2|V |3k, >={{I0+D - (k, +D(k, +2)[II+D) -k, (k, )]} V*n?

Looking at the limit of high J and K= |kj|), both of these reduce to:
<Jk, - 2| ¥ 9k, >=<Ik,+ 2| Y |k, >= [J* k2] n?

These off-diagonal terms become smaller ag iKcreases, resulting in
wavefunctions that are closer to those of a pragtemetric top. Kthen becomes closer
to being a good quantum number as in the prolade ead K becomes less important.
As a result, the twogd states (with K=J - Ky or K; = J + 1 - K) must become
degenerate in the limit of high J and. KA similar argument can be applied if the
asymmetric top Hamiltonian is expressed in the tebkymmetric top basis, with the
result that the twowd states must be degenerate in the limit of highdJlq.

For a given J there must be a transition regiomteimediate K values where the
states group akapairs at higher energy (high,Kow K.) and {. pairs at lower energy
(high K, low Ky). In this region, the pairs must break up andrrefas they rearrange,

resulting in the appearance of the 3:1 intensitgraition as the apparent degeneracy is
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broken. Since the states are no longer groupedpais, this region will appear much

less structured in the spectrum.

2.9 - Parameters in the Rotational Hamiltonian

The rotational Hamiltonian for an asymmetric rigodor is:

H,. =AJ +BJ? +CJ’
where the rotational constants A, B and C are swlgrproportional to the moments of
inertia about their respective axes. As the rotaficangular momentum of a molecule
increases, its structure will change as a resultesftrifugal distortion. The resulting

dependence of the moments of inertia (and therdgf@meotational constants) on angular

momentum can be accounted for in the Hamiltoniaradiging higher order terms ﬁW
and :]Z. A full set of such terms can be found by applythg appropriate symmetry

conditions for the general Hamiltonian and for @ymnametric molecule (as is done by
Watson in Ref[104]). However, as is shown by Watson, the correspangimysical
parameters are not all independently determinabye elxperiment. The energy
eigenvalues that can be measured using spectrastaginiques are dependent on a
reduced set of constants which, as Watson demtediraan be constructed by
combining members of the larger set. There arewags in which this is commonly
done, called the asymmetric top reduction (A-redumdtand the symmetric top reduction
(S-reduction). The A-reduction is used for veryramyetric molecules and can fail for
near-symmetric tops since it contains terms whightayinfinity in the symmetric case.
Since malonaldehyde is highly asymmetric, the Audotibn is used in this work. The

resulting Hamiltonian for the A-reduction is givas equation 68 (page 34) in Ri@04],
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and includes quartiCA(], Ak, Ak, 03, 6}() and sextic (I)J, Dk, Dk, Dy, 03 QIK, (PK)
centrifugal distortion constants. Note that soméaus refer to the quartic distortion
constants as (PDjk, Dk, d;, dk) and the sextic distortion constants ag (Hx, Hkj, Hk,

hy, huk, k).

2.10 - Coupling of Vibrational Tunnelling Comporent

In addition to the centrifugal distortion Hamiltan described above, terms must
be added to account for rotation-vibration inteatt connecting the two tunnelling
components of each vibrational state. These intierssccan be thought of as arising as a
consequence of the chosen axis system. As mentadyece (section 2.3), the moment of

inertia tensor in the equilibrium state is not diagl, instead taking the form:

I, 0 O
=10 1, I,
0 Iyz Izz

where | is a product of inertia given bly, = —z m, y,z, and the sum is over all of the
i

particles in the molecule.

The contribution fromy} appears in the rotational Hamiltonian as a ternthef

form I:|Vr :F{:Ja,jb}+ where{:]a,j,o}+ is the anti-commutator oﬁa and :]b (that is,

J,J, +3,,). This term is mathematically identical in form tieat of a second-order

Coriolis interaction between the two states, arslte in the same effect on the system.

For many of the tunnelling pairs, the interactisrsirong enough to necessitate the use of

higher order terms ir§l and its components. Including these terms, theviblration-

rotation interaction Hamiltonian used in this tlsast
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H, =F{3,,3,}, +F,J%J,, 3.}, +R{d. I},

where the constang ks called F" in previous work on malonaldehyde.
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Chapter 3

Experimental Methods

3.1 - Preparation of Malonaldehyde and Experimeseiup

Malonaldehyde sodium salt dihydrate (with "N@ccupying the tunnelling site)
was produced by acidic hydrolysis of 1,1,3,3-tetroxypropane as described by
Trivella et al. in Ref.[105]. This intermediate step is necessary due tortialility of
solid malonaldehyde, which rapidly polymerizesesmhperatures above 0 °C. Synthesis of
the sodium salt was performed with the assistarfideroDavid Mageé and Dr. James
Tait* at the University of New Brunswick and it was theipped to the Canadian Light
Source (CLS) at the University of Saskatchewan.odaldehyde was then produced on
site at the CLS by reacting the sodium salt witkrbghloric acid dissolved in diethyl
ether. This step was carried out in a dry nitroglemv and the reaction was kept
below -40 °C as described in REIO5]. The cold sample was then pumped for about 3
hours to remove the solvent and HCI.

The malonaldehyde spectra that are used in tlseprevork were acquired by Dr.
Dennis Tokaryk prior to my involvement in the prdjeMy visits to the CLS were in an
attempt to synthesize a deuterated isotopologumalbnaldehyde with a deuteron in
place of the tunnelling proton. This was attempgted by substituting the HCI in diethyl
ether with DCI in diethyl ether, although this wassuccessful, instead producing only
the regular molecule. Wilson's group had reporte@king a number of deuterated

isotopologues by coating the inside of the celhvilO and allowing for exchange with

! Department of Chemistry, University of New Brunskvi
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regular malonaldehyd@]. We have also attempted this method, but we haen b
unable to verify the production of any deuterasatapologues.

The Far-IR beamline at the CLS consists of a Eptamar and ellipsoidal mirrors
which accept and convey the synchrotron radiatiommf the storage ring to the
spectrometefl06]. Taking advantage of the angular distributionrefitiencies present in
synchrotron radiation, the first of these mirroessta 6 mm slot which allows higher-
frequency components to pass through and be alukoiiee infrared light is then
directed to an ellipsoidal mirror and through angimd window (which transmits
throughout the infrared region) separating theaulirgh vacuum of the storage ring
(about 10" Torr) from the rest of the beamline (less thanTiom) [107]. The remaining
four mirrors then bring the light to the spectroeret

The beamline makes use of a Bruker IFS 125HR Epuransform infrared
spectrometer which has a maximum optical path keddterence of 9.4 m, allowing it to
achieve resolutions of 0.00096 ¢rar better. The sample cell is a 2 m long Whité sed
up to produce a 72 m total path length. The tenmipexan the White cell can be adjusted
using an attached chiller and was kept at 0 °*Géguisition of malonaldehyde spectra to
avoid polymerization within the cell. This equipmiean operate in the 12 to 10000tm
range depending on the combination of beamspljtteiswindows and detectors that are

being used.
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3.2 - Spectrum Acquisition and Processing

Malonaldehyde spectra were obtained in three mifferegions: 40 to 335 ¢
330 to 550 cnt and 700 to 1800 cth The spectrum in the 40 to 335 ¢megion was
taken using a silicon bolometer, a 6 um Mylar bgditter and polypropylene cell
windows. The same beamsplitter and windows werd fmethe 330 to 550 cihregion,
but with a copper-doped germanium (Cu:Ge) detedtbe 700 to 1800 cthspectrum
was taken using a narrow-band MCT (mercury cadmieliaride) detector and with a
potassium bromide (KBr) beamsplitter and windows.

Different gas pressures were used for each speeigaon. The Si bolometer,
Cu:Ge and MCT spectra were taken at gas pressuree2q 65 and 50 mTorr
respectively. The presence of a number of impuriseevident from the spectra, so the
gas pressures reported here do not represent amaofqpure malonaldehyde.

The spectrum acquisition and processing was peddrusing the Bruker OPUS
software[108]. For each spectral region, a large number of fetegrams (200-300)
were obtained, averaged and Fourier transformedbtain a transmittance spectrum.
About 300 low-resolution background scans were abtained and the absorbance

spectrum A was calculated using

0

where | is the transmittance spectrum agdslIthe averaged transformed background

transmittance.
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Chapter 4
Analysis of the Malonaldehyde Far-IR Spectrum

4.1 - Techniques and Software

After the initial processing, much of the anatyand manipulation of the spectra
was handled using the data analysis and graphifigvage Igor Pro[109]. For a
particular spectral feature or region of intergg¢ak positions and intensities were
obtained using an automated peak-picking algorittama then used to construct a
Loomis-Wood plot. This was done using a softwarekpge written for Igor Pro by
Christopher Nees 10].

A Loomis-Wood plot is an alternative way of viewia spectrum in which it is
split into a number of segments which are thenksthwertically in consecutive order.
The width of the segments is expressed as "rorder polynomial function of row
number, where n is selected by the user. Theytlhitthis method is that the segment
width can be made to match the spacing of consexiities in a branch of increasing J,
which results in the lines of that progression aping in sequence vertically with one
line on each row. This is accomplished by fittilg segment width function to a set of
selected line positions belonging to a series. fAdve number then becomes an index
called m which is equal to J+1 for R-branch lined & for P-branch lines. Other patterns
of lines with similar spacing can then be readigntified.

When analyzing spectra it is useful to subtracte lifrequencies to form
combination differences, which allow informationoab a single vibrational state to be
extracted from transitions involving two vibratidnstates. One type of combination

difference, called an R/P combination differencan de calculated once P and R
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branches are identified in a band. Pairs of R atided® which share the same rotational
upper state can be identified and subtracted, githe energy difference between the two
lower states. In malonaldehyde, the absolute J eumdp and Ju.kc labeling of the
transitions can then be confirmed by comparinggi®4® combination differences with
those calculated from previously reported microwaesults for the ground state
tunnelling pair[26]. Once enough assignments were made so that afiwogl of the
transition frequencies to a Hamiltonian model cobkl obtained, the frequencies of
unassigned transitions could be accurately caledland the remaining assignments
could be made on the basis of agreement betweeredicfed line position and an
observed feature.

The SPFIT (fitting of transitions to a model) &ECAT (calculation of transition
frequencies and intensities from the model) prograleveloped by Pickeft11] were
used for some of the preliminary work. However, tradghe fitting and further assigning
of the spectrum was done using the PGOPHER progiaeloped by Colin Western
[112], which has similar functionality but with the atidh of a visual interface and other
useful features. In PGOPHER, the experimental spectcan be displayed above a
simulated spectrum using the current set of mosecparameters, and assignments can
be made by comparison of the two. In addition tonfy the line positions, PGOPHER
was also used for its ability to easily perform &wand upper state combination
difference fitting. From a given line list, PGOPHEfRN automatically generate all
possible combination differences for a specificloratiional state and these can be used
instead of the transitions to characterize thatest@ombination difference fitting is

useful since only one vibrational state needs tdittesl, which is important if the other
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vibrational state involved in the transition is toebed or otherwise unable to be easily

modeled.

4.2 - Overview of the Spectrum

Examination of the spectra has revealed the peeseha number of impurities in
the sample. Many of the very intense widely spdoess that appear throughout most of
the spectra (in particular the low-frequency sitidmolometer region) are due to water in
the sample cell and could not be avoided. Thereatse many bands of HNCS, the
presence of which may be due to residual mataaah fa previous unrelated experiment
using the same equipment. Spectra of HNCS that wsed to identify these bands were
reported in Refd113] and[114].

The region of the silicon bolometer spectrum frit65 to 245 cril is given in
figure 4.2.1. Although the spectrum was also takem 40 to 165 cil, no features were
found in that region that could be attributed tolonaldehyde on the basis of band
structure (line spacing, density and intensity)diidnally, no bands were observed or
predicted below 184 ctin the literature. In the region shown, the maatfires are the
two bands near 184 and 220 tifas indicated by + signs). Both of these bands leav
clear R-Q-P branch structure which identifies thesrbeing a-type or c-type. These are
consistent with the observations of others, inipaldr Luttschwagemet al. [36] who
assigned them to th8-81° (184 cm') and 3—1' (220 cm) transitions of theO--O in-
plane ring opening/closing mode (as defined in t#rap, the notation” represents a
state with vibrational quantum numberin the small-amplitude mode being discussed

andv' in the tunnelling mode).
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Figure 4.2.1: FTIR spectrum of malonaldehyde in166 to 245 ci region.
HNCS bands are indicated with asterigks Bands assigned in R¢86] are indicated by plus sigr{s).

The region of the silicon bolometer spectrum frat to 295 crf is given in
figure 4.2.2. There are two main features in thigion (not including the 220 ¢hband,
which is included in figure 4.2.2 for scale) ne&®22and 282 cfh (as indicated by +
signs). The feature near 273 ¢iis a band of HNCS. The bands at 252 and 282 ara
also consistent with Ref36], in which they are respectively assigned as the1 and
0°—1* transitions of an out-of-plane vibratiopG¢H, as labeled by Littschwager al).

There are also some small features that can benszer256 and 269 ¢h
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Figure 4.2.2: FTIR spectrum of malonaldehyde in2t8 to 295 crh region.
The asterisk indicates a band of HNEG® Bands assigned in R¢R6] are indicated by plus sigr{s).

The spectrum from 345 to 545 ¢riCu:Ge detector range) is given in figure 4.2.3,
where two features can be seen near 384 and 512Rmth of these are actually closely
spaced pairs of similarly-structured bands locat&d384/390 cmi for the lower-
frequency pair and 506/512 &nfior the higher-frequency pair (as indicated byigns).
The band structure indicates that they are either a-type. This is consistent with Ref.
[36] where the lower-frequency pair are assigned a¥'thel’ (384 cn') and §—1°
(390 cm) transitions of an out-of-plane ring-bending modad the higher-frequency
pair are assigned as th&-1° (506 cm') and 3—1* (512 cm') transitions of an in-plane
ring-bending mode. The baseline oscillations in $pectrum that are apparent in the
higher-frequency region of figure 4.2.3 are chamgeéffects that result from accidental

etalon-like behavior (multiple reflections and niiggence) in the beamline optics.
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Figure 4.2.3: FTIR spectrum of malonaldehyde in346 to 545 crregion. Bands assigned in RES6]
are indicated by plus sigr(s).

The spectrum in the 700 to 1800 tmegion (MCT detector range) is shown in
figure 4.2.4. Many of the features that can be seech as the bands at 1594 and 1658
cm?, correspond to assignments made by Liittschweigat. in Ref.[36]. The bands at
1267 and 1358 cthwere respectively assigned by Liittschwagfeal. as the 6—1° and
0°—1* transitions of the C-O-H bending mode, with a ®iling splitting of about 69
cm® in the upper state. Other features near 1267 omay correspond to the bands
assigned by Littschwaget al. as excitations of the tunnelling components of;eH¢
wagging mode. They assigned the bands at 964 af@ &' as 6—1° and §—1*
transitions of a carbon-frame vibration and thedsaat 878 and 883 chto the §—1°
and G—1' transitions of an in-plane ring-bending mode. Fégu.2.5 shows an
expansion of the region from 735 to 1030grand it can be seen that there is another
band under the unknown impurity near 766 cmlthough the tunnelling components
involved in the transition were not assigned in.[&8], the band was observed by Smith
et al. [17] and identified as a fundamental of the out-of-plath bending mode by

Tayyari and Milani-Nejad67]. The feature near 1452 €mvas assigned in Rg67] as a
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C;-C, stretching, H and H bending mode fundamental. The features that caseba
near 713, 772, 1106, 1535 and 1776"cane likely impurities based on their rotational
structure which is not consistent with malonaldehytut they have not yet been

identified.
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Figure 4.2.4: FTIR spectrum of malonaldehyde in706 cn to 1800 crit region.
Bands assigned in R¢86] are indicated by plus sigr{s), impurities by square@)
and the circlgo) represents a band that was assigned in RB&f.
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Figure 4.2.5: FTIR spectrum of malonaldehyde in %86 cn' to 1030 crit region.
Bands assigned in R¢86] are indicated by plus sigr{s), impurities by square§)
and the circlgo) represents a band that was assigned in B&f.
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4.3 - Comparison with Ground State Combinationddéhces

The most recent and complete description of théomaddehyde ground state
tunnelling pair comes from the work of Babgal. [26], in which the authors measured
the tunnelling-rotation spectrum of the ground estiatr the first time. Their fitting and
resulting constants combined these measurementstiat work of Wilsonet al. [1-4]
and Firthet al.[25]. In Ref.[26] the authors introduced the constagtals the coefficient
of a "K, dependent term" for the interaction between tmmelling components of the
ground state. The definition of this term was nietg in their paper, so it was necessary
to guess at the form of the term that was being.uaelefinition for a similar distortion

term with a constant calledk@vas given in the later work of Duan and Luckhfa§ as
C. 243,91,
or CK{jj,{:]b ,jc}+}+ in their chosen representation of |
However, the definition of the undistorted interawtterm given by Duan and Luckhaus

as

Coldd}., orCof{d, Jb, in
is not in agreement with the interaction term asailly reported in Wilsoret al's work
and used by Babat al. which involves:]a and 3b instead off]b and :]c. The definition
that was used here in the initial calculationsarhbination differences was

F{ 230}
Any difference between this term and the one use®dbaet al. was not expected to

have a great effect on the calculations. Althougg F term was needed in the more

precise microwave characterization, the infraredved combination differences that are
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being compared to the microwave results are likelyprecise enough to be sensitive to
it.

Upon comparing combination differences from théiah assignments of the
infrared bands, it became apparent that the irdraedues would consistently drift away
from the microwave values at high J (above abouat3D). The good agreement of the
values at low J supported the validity of the assignts, making it unlikely that
misassigned lines were responsible for the drifufes 4.3.1 and 4.3.2 show the drift for
a number of a- and b-type bands for which initissignments could be made. Figure
4.3.1 shows the bands that originate from thgréund state component and figure 4.3.2
shows the bands that originate from tHeg@ound state component. Only thg ¥ 0
series is shown for each band, since it was thd pasly identifiable series of lines in
the a- and b- type bands that were observed. Tifteidgreatest for the high-J lines of
the 512 crit band, where it reaches a magnitude of almost 0c@@7at J = 66, which is
about 10 times larger than the experimental lingtiwof 0.0007 cil. It is clear from the
figures that the drift is consistent across mudtigl and b-type bands originating from the

same ground state, although it is less severeridbeoming from thelground state.
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Figure 4.3.1: Experimental combination differen¢€®s) from a- and b-type bands originating
from the @ ground state component subtracted from the ecgemtalifference in ground state energy
levels calculated using the model from R26].
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Figure 4.3.2: Experimental combination differen¢€®s) from a- and b-type bands originating
from the @ ground state component subtracted from the ecgemtalifference in ground state energy
levels calculated using the model from R26].

Figure 4.3.3 compares the combination differerafethe two c-type tunnelling
components of the 384 ¢hband to the microwave values. For these c-typelddior
which the high-K lines were the most easily identifiable) theraasevidence of drift and
the combination differences are all within one limiglth of the microwave value (from
Ref. [26]). However, the deviations are almost all posifitree experimental values are

less than the model values) which indicates thaitches are not ideal.
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Figure 4.3.3: Experimental combination differen¢€®s) from c-type bands originating
from the § (390 cnt band and @ (384 cnt) ground state components subtracted from the etpriva
difference in ground state energy levels calculateitig the model from R¢26].

4.4 - Recharacterizing the Ground State

In attempting to resolve the issue of the comimmadifference drift, it was
necessary to make use of a preliminary line list/jmusly obtained from an author of Ref.
[26] by Dr. Stephen Ross, one of the supervisors o thésis work. This line list
included lines measured by the authors as welhaset of the two prior ground state
studies of Wilsoret al. [1-4] and Firthet al. [25]. Although this information does not
necessarily represent the final state of their witnkas noted that many of the lines from
the two studies prior to theirs were weighted t@zen particular a large number of those
from the work of Firtret al.

In Ref. [25], the authors mention that the current samplinghef ground state
levels covers a limited range in J-Bpace. They illustrated this using a plot of JKis.
with the measured levels indicated for each ofgiteeind state components. Similar plots
have been constructed (figures 4.4.1 and 4.4.2ectmng the addition of the
measurements made by Badtal.[26] and the removal of lines that were zero-weighted

in their preliminary line list. These plots cleadgmonstrate that the lines used in the
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preliminary fitting reported by Babeat al. mostly cover the region of high,Kclose to J)
and that the low-K region is not represented, particularly for high Since the
combination difference drift was observed most sglyein a- and b-type bands where
the easily assigned lines correspond mostly fovddues below 5, this provides a likely
explanation. Many of the observed infrared lineshis work are in a quantum number
range for which the previous ground state charaetéon from Ref[26] is not reliable.
It then became necessary to produce a charactenzaf the ground state that

incorporated these new IR data.

30 - fae .

0 5 1 15 20 25 30 35 40 45 S50 55 &0 65 70 V5 80
J
Figure 4.4.1: J-K space plot indicating the rotational levels in @feground state component
which were included in the preliminary line lisbin the authors of Rgf26].

54



B0

73

J0
g5
&0
55

50

40
35
30
25
20
15 Joet

10 snns a5 7

0 5 10 15 20 25 30 3/ 40 45 S0 55 60 65 70 75 80

Figure 4.4.2: J-K space plot indicating the rotational levels in ®leground state component
which were included in the preliminary line lisbfn the authors of ReR26].

The ground state characterization was first ddateech using only the infrared
data by performing a lower state combination défexe fitting with lines from a number
of identified fundamental bands. This process wasedn parallel with the assigning of
the bands, so that new assignments were usedtterfurpdate the ground state. Lines
that were used in this fitting came from bands24,241, 282, 384, 390, 506, 512, 766,
964 and 999 cih with the greatest contribution coming from th®2241, 384 and 390
cm™* bands. Descriptions of each of these bands wididwered in later sections.

Residuals from this combination difference fittivgre all within acceptable error
and with no significant drift, demonstrating thabhet previous ground state
characterization was not suitable for these nevemiasions. All of the lines used in the
preliminary line list from the authors of R¢26] were then included in the fitting. After

verifying that the results were still consistenthwthe IR data, many of the lines reported
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by Wilsonet al.[1-4] and Firthet al.[25] that were not included in the preliminary line
list from the authors of Ref26] were then added. The final ground state constaets
obtained as part of a global fitting with the 28B0 and 404 cih states and will be
presented in a later section along with a full desion of the lines that were used.

With the addition of the new IR data, the chamaz#tion of the ground state
presented here now covers a much wider range qfsp#ce (as shown in figures 4.4.3
and 4.4.4). It can also be seen from figures 4aéd 4.4.6 that the drift in ground state
combinations differences has been eliminated inathand b- type bands (note that the
vertical scale of figure 4.4.5 is a factor of 7 #evathan that of figure 4.3.1). However,
the combination differences for the c-type bandssaitl consistently less than the values
calculated from the new ground state characteamdthe comparison is unchanged from

figure 4.3.3).
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Figure 4.4.3: J-K space plot indicating measured levels in thet@te. Black dots represent previously
measured data from Ref4-4], [25] and[26]. Red circles represent data measured in this work.
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Figure 4.4.5: Experimental combination differen¢€®s) from a- and b-type bands originating
from the § ground state component subtracted from the eqeitalifference in ground state energy
levels calculated using the new characterization.
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from the @ ground state component subtracted from the ecemtalifference in ground state energy
levels calculated using the new characterization.

4.5 - Early Microwave Observations of Excited Viiwaal States

The 1975 doctoral thesis of Walter Roy&¢ included an analysis of the pure-
rotational spectrum of 8 vibrational states. Whihe two lowest-energy of these are
clearly the ground state tunnelling pair, the otlgerstates have since remained
vibrationally unassigned. Rowe was able to caleuat approximate frequency for each
of these states on the basis of relative intessii#though the high uncertainties in these
values prevent them from being unambiguously mat¢becurrent infrared observations
based on this alone. The 8 states observed by Rosvpresented in table 4.5.1 along
with his estimates of their energy. To avoid amligwith infrared measurements, any
vibrational state observed by Rowe will hencefdsthreferred to as R# where # is the

vibrational frequency of the state as determine®bwe.
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Name used in Planarity Fre 1
this work quency (cm”)
RO In-plane 0.00

R16 In-plane 16+14
R277 In-plane 277 £ 22
R293 In-plane 293 +8
R237 Out-of-plane 237 £ 20
R282 Out-of-plane 282 +9
R393 Out-of-plane 393 +59
R390 Out-of-plane 390 + 35

Table 4.5.1: The 8 vibrational states observed bw® showing frequency
and planarity as determined in RES].

For each of the states observed in Rowe's thiesipresented an assessment of
the planarity of each vibration based on calcufetiof the inertial defect. The inertial
defect is a function of the principal moments dadrira given by{- I, - I, and it provides
a measure a molecule's planarity, with non-planaleaules having negative values and
planar molecules having a value close to zero. Reuwggested a possible grouping of
these states into tunnelling split pairs based awminy like planarity and similar
frequency. These pairings are RO/R16, R277/R2937H282 and R393/R390. In all
cases where characterizations of these states lmmsé&tbwe's work were needed for
comparison with infrared results, a new fittingRidwe's reported line positions has been
performed so that the results are consistent wighntodel used here. The constants that
were obtained from these new fittings are in mastes not significantly different than
those obtained by Rowe.

Figure 4.5.1 shows an energy level diagram ofstiagées observed by Rov&]
along with the vibrational assignments of Littscheraet al.[36] and a representative set
of calculated state energies from the recent wérRatroder and Meydi71]. All three
groups are in agreement that there are a total sthi®s in the region shown, with two

out-of-plane states near 400 ¢mand four states (two in-plane and two out-of-pJane
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between 150 and 350 &mThis suggests a one-to-one correspondence betstatss
from each group. The ground state pairs clearlycmatross each group, and it seems
likely that the two out-of-plane states near 400"cme also equivalent. However, it is
unclear how the states in the intermediate rangeespond across the microwave,

IR/Raman and theoretical data.
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Pure Rotation Infrared / Raman Theory Pure Rotation Infrared / Raman Theory
(Rowe [6])  (Luttschwager et al. [36]) (Schroder and Meyer [71]) (Rowe [5]) (Luttschwager et al. [36]) (Schroder and Meyer [71])

Figure 4.5.1: Energy level diagram showing the &aiional states observed by Roj&§ along with the
assigned states from RE36] and calculated frequencies from Réfl]. Black and blue indicate in-plane
and out-of-plane vibrations, respectively.

4.6 - The 220 and 241 cnBands

Ground state combination difference comparisonsguR and P lines from the
220 and 241 cihbands confirm the assignments made by Liittschwaigat. [36] that
they correspond to transitions from each grounte stamponent to a single state at 241
cm™. The observed rotational transitions also confil@t the 220 cf band is a-type
and the 241 cih band is b-type, which indicates that the 241'cstate is the %lof a
vibrational mode with A symmetry or the “Lof a mode with B symmetry (see figure

2.6.1). In either case, the vibrational mode ipleme. As will be discussed in a later
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section, the other tunnelling component of thigesta likely higher in energy (and thus
does not correspond to the 184 thand), suggesting that the mode is @fsfmmetry.

A total of 2604 lines from the 220 chband and 1854 lines from the 241tm
band were assigned, covering a wide range of dpiéce. All of these are R and P lines
since the 220 cthQ-branch could not be resolved. Nuclear spin wiigs were used in
making assignments within the regions of intermiedi§ where the asymmetry doublets
are split. These infrared lines could be fittedetbgr with the pure rotational R237 lines
from Ref. [5] (with the exception of two lines which were remdves likely
misassignments) giving residuals that were withi@ ¢xperimental uncertainty of both
sets of data. This provides confirmation that tl28Rstate observed by Rowe is the 241
cm’ state observed here, and the 4'atifference is within Rowe's reported uncertainty
in the frequency of R237 (table 4.5.1). Althougle thertial defect reported by Rowe
(and verified here - see table 4.9.2) is negatilielvindicates non-planarity, the infrared
data provide strong evidence that the motion cpmeding to this mode is in-plane.
Fitting of the 241 cr state was done without the use of coupling teramnecting it to
the other tunnelling component. The success offittiag even without these terms
suggests that the splitting is greater than ingrmind state or 390/405 chpairs for

which coupling terms were required.

4.7 - The 384 and 390 ¢hBands

A comparison of R/P combination differences frdre 884 and 390 cfhbands

also supports the assignments of Littschwageat. [36], confirming that they are c-type
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0°—1° and 3—1* transitions of an out-of-plane vibration. The wtional selection rules
of figure 2.6.1 show that the vibrational mode musof B symmetry.

A total of 1613 lines from the 384 ¢hband and 1596 lines from the 405tm
band were assigned, all of which are R and P bréinek. Fitting these states required
the use of the full three-term interaction Hamilondescribed in section 2.10 since the
splitting of about 15 crhis similar in magnitude to the ground state spiiftof about 21
cm™. The R390 and R393 pure rotation lines from R&fwere included in the fitting for
the 405 and 390 cmstates, respectively, giving residuals within eipental error for
both infrared and microwave lines. This demonssrétat R390 is the 405 chstate and
R393 is the 390 cthstate which is well within the uncertainty in thequency reported
by Rowe (table 4.5.1). This is in agreement witwRs assessment based on the inertial

defect that these vibrations are primarily out-ne.

4.8 - The 282 and 252 chBands

The 282 and 252 cbands were assigned by Littschwagerl. [36] as the
0°—1" and 3—1° transitions of an out-of-planes;®ly vibration (which they cayCH),
with states at 273 and 282 ¢nSome P and R branch lines were identified fora82
cm?® band using a Loomis-Wood plot as shown in figur8.4 Lower state R/P
combination differences were calculated using tHess and the result was a match to
the @ ground state in agreement with the previous asségn. The transitions that were
observed also confirmed that the band is c-typetlhatthe branches that were identified

correspond to sequences of Keing 0 and 1. With only a small number of lines

62



corresponding to a narrow range of ¥Yalues, it was not possible to obtain a proper

fitting of the state.
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Figure 4.8.1: Loomis-Wood plot of the 282 thand showing observed R and P branch lines.
The first line shown in each branch is as folloWwsbranch, K = 0: 277.498 cnit, K, = 1: 277.829 crit -
R branch, K= 0: 286.318 cri, K. = 1: 286.577 cril.

Of the low-frequency states observed by Rowe28%cm’ state was thought to
likely correspond to one of R277, R282 or R293 sitite others had been conclusively
identified. Due to the large uncertainties in R@aelculations of their frequencies, the
matching could not be done on the basis of thisalé¢laving determined that the 282
cm® band is c-type and originates from thesate, it was possible to simulate (using
PGOPHER[112]) the three possible spectra corresponding to @dctne remaining
states observed by Rowe. Figure 4.8.2 shows theach region of the 282 ¢hband
with simulations of c-type bands connecting tAstate to each of R277, R282 and R293.
From these simulations, it can be seen that oyRB82 upper state produces a spectrum
with a structure resembling the actual measurenfamthermore, the individual line
positions in the low-J region of the Q-branch ameeixcellent agreement with the
simulation (figure 4.8.3) and some assignments es@n be made by inspection. This

provides convincing evidence that the 282*dpand is R282.
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Figure 4.8.2: The Q-branch of the 282 timand(top) with simulations of c-type bands frofht6 each of
R282, R293 and R277 from Ré&. The best agreement is for the simulation of R282.
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Figure 4.8.3: The low-J region of the 282 timand Q-branch showing the agreement between thilac
spectrum(abovg and a simulation (below) using Rowe's R282 liag 4] as described in the text.
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If the assignment of the 252 &nband from Ref[36] is correct, then it should be
a c-type band connecting @ the other tunnelling component of the 282'cstate at
273 cm’. In that case, it would likely correspond to eitR277 or R293. Using the same
technique as described above for the 282" dmand, c-type simulations of bands
connecting to both of these states as well as R282 are prsbémfigure 4.8.4. It can
be seen from this comparison that only the R27{# gteoduces a band with a similar
structure to the observed Q-branch. Both of theerofimulations produce Q-branches
with higher-J lines proceeding to lower frequenchich is the opposite of what is
observed. Simulations were also made of a-type démih ¢ as well as a- and c-type
bands from 8 but none of these produced bands resemblingctin@laspectrum.

As with the 282 cil band, the low-J line positions of the Q-branch ahat
excellently when the simulation is properly align@dure 4.8.5) and assignments of a
number of Q-branch lines have been made by matdhmgxperimental and simulated

line positions.
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Figure 4.8.4: The Q-branch of the 252 timand(top) with simulations of c-type bands frorht6 each of
R282, R277 and R293 from Ré&. The best agreement is for the simulation of R277.
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Figure 4.8.5: The low-J region of the 252 tivand Q-branch showing the agreement between thrlac
spectrum(abovg and a simulation (below) using Rowe's R277 ligg 4] as described in the text.
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4.9 - Global Fitting of the 9 0!, 241 cn, 390 crit and 405 cnt States

The final fitting of the ground state tunnellingip the 241 ci state and the
390/405 crit tunnelling pair was done as a combined multi-sfiaté=or each of these
states the Hamiltonian model given in sectionsah® 2.10 was used, although some of
the parameters were set to zero in cases wheresmbry not well-determined by the fit.
The ground state pair and the 390/405™cpair were both coupled using the full
interaction Hamiltonian in section 2.10.

A summary of the various groups of lines and caoration differences that were
used in the fitting is given in table 4.9.1. Fubt$ of these lines and combination
differences are provided as supplementary matgeg appendix B). The included subset
of ground state pure rotation and tunnelling rotatines from the work of Wilsoat al.
[1-4], Firth et al. [25] and Babeet al. [26] was determined to be consistent with the
infrared data as described in section 4.4. A lamgmber of infrared R and P lines from

the 220, 241, 384 and 390 ¢rbands were used, as well as the smaller but mese
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microwave line list from Rowg5] for the 241, 390 and 405 chstates. Finally, lower

state R/P combination differences calculated usasgigned lines from the bands
connecting to states not included in the fittinge(282, 512, 527, 766, 964 and 999'cm
states) were also used. The constants obtainedllffive states are presented in table

4.9.2 along with values of the inertial defect.

e . Uncertainty
States Description Number of Points 6 1
(10” cm™ : MHz)
0° - Pure rotation [2] 73 (80) 1.7 :0.05
0! - Pure rotation [2] 71 (77) 1.7 :0.05
0° - Pure rotation [4] 12 (14) 6.7:0.2
0! - Pure rotation [4] 8 (12) 6.7:0.2
0° - Pure rotation [25] 63 (96) 10:0.3
0! - Pure rotation [25] 63 (90) 10:0.3
0° - Pure rotation [26] 26 (26) 1.4:0.043
o' - Pure rotation [26] 32 (32) 1.4:0.043
0° = 0' - Tunnelling rotation [26] 36 (36) 1.4:0.043
241 cm™ - Pure rotation [5] 26 (28) 1.7 :0.05
390 cm™? - Pure rotation [5] 31(31) 1.7 :0.05
405 cm™ - Pure rotation [5] 28 (28) 1.7 :0.05
0' - 241 cm™ - Infrared lines, 220 cm™ band 2604 200: 6
0° > 241 cm™ - Infrared lines, 241 cm™ band 1854 200: 6
0' - 405 cm™ - Infrared lines, 384 cm™ band 1613 200: 6
0° - 390 cm™ - Infrared lines, 390 cm™ band 1596 200: 6
0° - Infrared CDs, 282 cm™ band 54 280:8.5
0! - Infrared CDs, 506 cm™ band 100 280:8.5
0% - Infrared CDs, 512 cm™ band 350 280:8.5
0° - Infrared CDs, 766 cm™ band 267 280:8.5
0! - Infrared CDs, 964 cm™ band 111 280:8.5
0° - Infrared CDs, 999 cm™ band 131 280:8.5

Table 4.9.1: Summary of data used in the multiesti#ting of the ground state tunnelling pair, thé1 cnt
state and the 390/405 €nunnelling pair. For pure rotation and tunnellingtation lines obtained from
other sources, the number total number of linemfthat source is given in parentheses. Uncertdinty

the combination differenc€€Ds) were calculated using standard error propagatiénll line and
combination difference lists are available (seeeapgx B).
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0° o! 241 390 405

Origin (cm™) 21.58313974(60) 241.0566119(75) 390.3009228(72) 404.770168(11)
A (cm™ 0.328021705(19) 0.328429130(21) 0.328688600(48) 0.327745097(32) 0.327985762(49)

B (cm™) 0.173870920(16) 0.172076495(18) 0.172567011(48) 0.173612366(16) 0.172433803(39)

C (cm™) 0.113558211(16) 0.112852336(16) 0.113236969(36) 0.113540979(13) 0.113094568(39)

AK (10 cm™) 0.263490(91) 0.15427(11) 0.09477(23) 0.24186(67) 0.16567(79)
AJK (10° cm™) -0.12851(10) -0.07140(10) 0.01965(19) -0.11335(66) -0.07102(81)
AJ (10% cm™) 0.0910848(92) 0.087027(10) 0.092564(46) 0.088805(53) 0.086279(74)
3K (10 cm™) 0.059719(38) 0.018369(50) -0.008244(69) 0.05163(31) 0.02359(35)
3J (10% cm™) -0.0274796(86) -0.0298190(95) -0.029790(14) -0.027372(25) -0.028845(36)
®K (10" cm™) -1.186(95) 2.25(22)
®KJ (10 cm™) 1.83(12) 8.37(37)
®IK (10™2 cm™) -0.410(42) -11.65(18)
®J (102 em™) -0.193(16) 0.646(18)
K (10™ cm™) -0.745(36) 1.292(93)
@K (102 cm™) 0.218(18) 4.681(80)
@®J (10 cm™) -0.0229(24) -0.0686(31)
ID (10° amu A?) 4.04932(91) 3.30831(92) -4.1298(22) -2.47387(79) -4.0477(22)
F (102 cm™) 1.64209(27) 1.3718(17)
Fy (10% cm™) -2.6322(85) -3.69(11)
Fs (10% cm™?) 5.0786(82) 7.49(11)

Table 4.9.2: Vibrational frequency and rotationarpmeters for the ground state tunnelling pair, 241" state and
390/405 crit tunnelling pair. ID is the inertial defect. Fitinwas done using the Watson A-reduced Hamiltomighe
II" representation. Additional interaction parameté&tsF; and R are defined in section 2.10. Distortion parameters

not given for a state were not be well-determined were fixed to zero.




4.10 - The 184 cihBand

The band at 184 cm(figure 4.10.1) was assigned by Littschwageal. [36]
according to one of their assignment schemes ag’tha° transition of thevO---O ring
opening/closing mode. This would make it the secartgpe band associated with this
mode along with the 220 ¢hband. The b-type'0-1° band would then occur at 163
cm?, but this band has not been seen in any earlieiiest or in this work, although the

other b-type band at 241 &mvas seen.

N
L]
1

—_
[}
1

-
[a]
|

Intensity (arb. units)

0.5

T T
170 175 180 185 ) 190
Wavenumber (cm )

Figure 4.10.1: The 184 cirband. The feature indicated by an asterisk is &CS impurity.

1E|35 2(I)0
If the 184 cnit band originates from thé @r 0" state, then the upper state would
have to be at 184 cfor 205 cnit. Since Rowe was able to measure the pure rotationa
spectrum of states ranging from 0 to 405'cim energy, any state near 184 tmvould
have been sufficiently populated for it to be séerhis experiment. The rotational
structure of the molecule in this state is notliik® be so distorted that it would have
been unrecognizable to Rowe's analysis. Furthernloeeintensity of the pure rotational
spectrum is dependent on the permanent electrmedipoment of the molecule which
should not change much between states, so thesendbseem to be any reason why this

spectrum would have been anomalously weak.
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If a state at 184 cthwas observed by Rowe the most likely candidateldvbe
necessarily R293, since every other state thagperted has been convincingly assigned
to a different energy on the basis of the argumentke preceding sections. It does not
seem likely that R293 is actually located at 184*csince Rowe's relative intensity
calculation for this state has a reported uncestaih only 8 cnm compared to the 109
cm® difference in energy. The possibility that the epptate of the 184 chband
corresponds to R277 or R282 is also unlikely far #ame reason, in addition to the
above arguments for their location being elsewhere.

Using a Loomis-Wood plot, some branches of the d@4band were able to be
identified (figure 4.10.2). The structure of thdsenches is similar to that of other
malonaldehyde a-type bands such as the 22bland, and likely correspond to lines of
low K, Upper and lower state combination differencesewealculated using likely
combinations of R and P lines, and these were coedda all other characterized states
of malonaldehyde with no successful matches.

Based on the inability to match lower state coraban differences and the fact
that no state near 184 &mvas observed by Rowe, it seems very unlikely that184
cm® band is a fundamental of malonaldehyde. The Ipaeisg and structure of the band
indicate that it does conceivably belong to maldehyde. If this is the case, it must then
be a hot band originating from an exited state thaklatively low in energy (below
about 500 cr) since it was observed under the experimentalitiond of this work and
Rowe's experiment as well as others. An examinatidhe low frequency region reveals
that there is no pair of known states that are re¢pe by 184 ci. This leaves only

states for which the energy is not known such a83R® possibly the Qor 0 excited
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tunnelling states as possible explanations for thassition if it is associated with

malonaldehyde.
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Figure 4.10.2: Loomis-Wood plot of the 184 thand showing observed R and P branch lines. Tse fi
line shown in each branch is as follows - P1; 188.8n", P2: 180.955 cih, R1: 186.347 ciy R2:
187.230 cnt, R3: 187.871 cth

4.11 - The Identity of R293

If the 184 cnil state is not a fundamental, then it can not beother tunnelling
component of the 241 cirstate as was claimed by Liittschwageal. [36]. Since all of
the low-frequency states should have been obsem@dwe's experiment, the remaining
R293 state is almost certainly thecbmponent of the 241 ¢hmode. There is also the
possibility that the 1 state is high enough in frequency that it was pmpulated in
Rowe's work (as, for example, in the alternativ@gsnent from Ref36]), although this
is unlikely both due to the very large splittingitlwould be necessary and because there
would be no other good explanation for the R29&sta

The problem with this proposed assignment is Bave's calculation for the
frequency of R293 has an uncertainty of 8'cand no other experiment has detected any

state near this region (excluding the 282'cand 273 crit states which are already
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accounted for). If this state is the other tunnellcomponent of the 241 ¢hstate then
there should be an a-type band to it from tAeg@und state, and this band should be
visible in the spectrum as is the 220 trhand. Although no features exist in the
spectrum at 293 ci(figure 4.11.1) that seem likely to be this tréiosi, there is a
feature that has yet to be identified at 269'c@imulation of an a-type band from ©
R293 with its origin at 269 cih along with simulations of the 282 and 252 thands on
either side, replicates the contour of the speciruthis region fairly well (figure 4.11.2).
Based on this, it seems possible that this coulth®® to R293 transition. However, this
would place R293 well outside the 8 ¢mncertainty range stated by Rowe. Additionally,
there is no clear match between the line positiom® this simulation to the observed

spectrum as was the case with the 282 and 252bamnds.
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Figure 4.11.1: FTIR spectrum of malonaldehyde mrigion from 285 to 310 chdemonstrating that
there are no likely vibrational bands near 293 trthe densely spaced lines in this region are the R

branch lines of the 282 ¢hband.
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Figure 4.11.2: Simulation of an a-type band froftdR2935] with its origin at 296 cim (below)
compared to the spectruf@boved. The 252 and 282 chbands are also included in the simulation. The
feature near 274 cthis an HNCS impurity.
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Chapter 5
Theoretical Modeling of Malonaldehyde

5.1 - Describing Proton Transfer as a Large-Ampul#guMotion

Although the standard Hamiltonian used in the @déty chapter is capable of
describing the spectrum of malonaldehyde mathemibtjcdt does not account for the
large-amplitude tunnelling motion in a physicallyeamingful way. One of the goals of
this project was a treatment of malonaldehyde usiieggeneralized semi-rigid bender
(GSRB) Hamiltoniar{101] which allows for a single large-amplitude vibrati(such as
proton tunnelling in malonaldehyde) and can cateutlae state energies corresponding to
the rotational and large-amplitude degrees of meedAlthough this goal could not be
completed during this thesis project, most of tlequired work has been done in
preparation for use of the GSRB. This involved destg the proton tunnelling path,
defining a coordinate for the tunnelling motionlied p) and determining the behavior of
the geometrical parameters (bond lengths and gngteshis coordinate is varied. The
GSRB does not account directly for the small-amphkt motions, instead allowing them
to relax to equilibrium at each point along thegeamplitude coordinate. As a result, the
large-amplitude motion is described as following thinimum energy path (MEP).

A set of 15 independent geometrical parametelmritl lengths (Bto Bg) and 7
in-plane angles (Ato A7), were used to describe the relative positiontheiuclei in the
molecule and these are given in table 5.1.1 (wittlear numbering corresponding to that
of earlier figures such as figure 1.1.1). Malonalglie is known to be planar, so the six
dihedral angles representing out-of-plane configong have been fixed to either 0° or

180° to maintain planarity. These 15 parameters thecount for the 15 vibrational
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degrees of freedom for planar malonaldehyde anguety specify its configuration in a

rotating center-of-mass reference frame.

Parameter Definition Parameter Definition

B, Cs-Hg A, O5-C3-Hg

B, C3-Os A, C,-C5-O5

BS C2'C3 A3 CS'CZ'HS

B4 C,-Hg Ay C1-Cy-Cs

Bs C:-C, As C,-C1-Hy

Be C4-H, As C1-05-04

B, (rO0) 0,4-O5 A, C1-04-Hg
Bs (rOH) O4-Hg

Table 5.1.1: Geometrical parameters used to desguibnar malonaldehyde.
B parameters are distances and A parameters agiean

Two coordinates were identified as being mosteatiogonnected to the proton
tunnelling motion. These are the,-8s distance (representing the movement of the
proton from one oxygen atom to the other) and theD©distance (the opening and
closing of the molecular frame). These coordinatgd hereafter be referred to
respectively as rOH and rOO. A set ab initio geometry optimizations at the
DFT-B3LYP level of theory using a 6-31++G(2df,p)sizsaset were performed by F. Ito
[115] using the Gaussian 09 software packHde]. These calculations cover a grid of
points which have a range of rOH from 0.86 to 1422nd rOO from 2.16 to 3.76 A, each
in intervals of 0.02 A (although not all rOO valueghin this range are included for a
given rOH). Because the potential energy surfaceymmetric (both equilibria are
identical) calculations were only made for one si¢he transition state. The values of
rOH and rOO and the corresponding energies for @asht form a two-dimensional

potential energy surface for proton transfer.
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5.2 - Finding the Minimum Energy Path

The code that was used to perform the calculatt@ssribed in this section and
the next is provided in appendix A. An initial callation of the MEP was done by
separating the two-dimensionab initio surface into one-dimensional potential energy
'slices' each corresponding to a single value tifeeirOO (giving a potential energy
curve along rOH) or rOH (giving a potential energyve along rOO). Each of these
slices could be fitted to a potential energy functof the form:
(5.1) V() =V_ +a,(r-r) +a,(r-r)°+...
where r is either rOH or rOO, and,\. and the aare the parameters of the fit. Each slice
was fitted to a function of order 6 (up to thetarm) and the highest order term was
iteratively removed if the fit parameters were atitwell-determined (if the uncertainty
was greater than the parameter), down to a lowelsr @f 2. For each set of slices (of
common rOH or rO0), the minima of the potential rgryecurves (¢ and \;) combined
with the common rOO or rOH value of each slice giae estimate for the MEP. Both of
these MEP estimates, one from the rOH-fixed catmna and one from the rOO-fixed

calculations, are shown on the potential energfasarin figure 5.2.1.
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Figure 5.2.1: Theb initio potential energy surfadd15] showing the results of the rOH- and rOO-fixed
calculations of the malonaldehyde MEP. TS and aglicate the transition state and equilibrium state
configurations(Figure courtesy of Dr. S. Rgss

It is clear from figure 5.2.1 that neither of thesalculations result in a good
estimate of the MEP across the entire surfaceedulstthe rOO-fixed calculations are
more reliable when the MEP is perpendicular tortb®-fixed slices and the rOH-fixed
calculations are more reliable when the MEP is @edpcular to the rOH-fixed slices.
Near the equilibrium point, the MEP is not perpenthr to either slice and neither
calculation is acceptable.

The next step was to generate potential energgssthat were perpendicular to
the MEP at each point along it. This process wasedteratively starting with a 'guess’
MEP that was constructed by combining the rOO-fiygaints for rOH less than
equilibrium and the rOH-fixed points for rOH greatkan equilibrium. The guess MEP

was first fitted to a function of the form:
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a, +a,roOH
b, +b,rOH

rOO(rOH) =
where the aand R are fit parameters. For each point on the gues® MEline was
constructed which was perpendicular to the functidrere it is nearest to that point.
Wherever this line intersected with one of the mesly calculated rOH or rOO slices,
the energy at the intersection was calculated usiaditted functions from (5.1). The set
of points along this perpendicular slice were (tt® functions of the same form as
equation (5.1) but in terms of distance along linis. The minimum energy and position
of this function were then used as a new MEP paiiith replaced the one used from the
guess MEP. Once this was done for each point ogukes MEP, the resulting new MEP
was used as the guess for the next iteration. Whs done until the results converged,

which took about 10 iterations. The resulting fiMEP is shown along with the rOH-

fixed and rOO-fixed paths in figure 5.2.2.
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Figure 5.2.2: Thab initio potential energy surfadd15] showing the final MEP calculatiofsolid lin€)
and the rOH- and rOO-fixed calculatiofdashed lings TS and equi indicate the transition state and
equilibrium state configurationgFigure courtesy of Dr. S. Rgss

5.3 - Describing the Geometry Along the MEP
With the MEP determined, a definition for the tetimg coordinatep could be
found so thatp varies smoothly and monotonically along the MERI @o that the
potential energy and geometrical parameters vagosimy with p. It is also required that
p = 0 at the transition state. As of writing, thdidiéion that is being considered is:
p(rO0,rOH) = (rOO0-rOH) — (rO0, - rOH,)
where rOQand rOH are the values of rOO and rOH at the transiti@ates(note that in
appendix Ap is defined as the difference between the C-C bamdsither side of the

molecule, or B5 - B3). To determine the valueshaf parameters in table 5.1.1 at each
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point along the MEP, a process was used that ptrdhe calculation of the MEP. For
each parameter P, tlab initio pointswere used to construct a parameter surface of P
which varies with rOH and rOO, where P is analogtmshe energy in the MEP
calculation. A set of rOH-fixed (a curve of P alor@O) and rOO-fixed (a curve of P
along rOH) slices was then extracted. Each of tlséses was fitted to a polynomial of
maximum order 6, with higher-order terms being reetbuntil the parameters were all
well-determined as was done for the energy slices.

During the final iteration of the MEP calculatioat the step when the line is
constructed perpendicular to the function fittedhte MEP of the previous iteration and
points are obtained from the energy slices wherthestine intersects with one, the same
process is performed for each of the other parasef®r each parameter slice that the
perpendicular line intersects, the value of thatpeeter (and the position on the line) at
the intersection with that slice is extracted frdhe polynomial fitted to that slice.
Another polynomial is then fitted to these poirdgytve the parameter P as a function of
position along the line (or rOH and rOO). This ftioo is then evaluated at the minimum
of the corresponding energy slice (the new MEP fhpamngive the value of P at that point
on the MEP.

The next step in this process is to describe thkawior of each of these
parameters using a functional form that is compatiath the GSRB. As of writing, this
step is currently ongoing. Once these functionah®are found, they will be used by the
GSRB program to calculate the combined tunnellmtgiron state energies. It may also
be possible for some functions used in the GSR&h a3 the potential energy function or

the MEP, to be fitted to the experimental data.
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Chapter 6

Conclusions

The work presented here represents significangrpss in analyzing the low-
frequency (< 500 ci) range of the far-IR spectrum of malonaldehydendamentals
have been identified which correspond to all bug ohthe lowest six excited vibrational
states measured by Rowe in 198 (as shown in table 6.1). Rowe's microwave
observations have been of considerable assistanessigning and fitting the infrared
data, and have provided important insight intoltve-frequency vibrational structure of
the molecule.

The current results mostly support the assignmemizde recently by
Liittschwagetet al.[36] except in the case of the 184 timand. Although Littschwager
et al. tentatively assigned it as a fundamental ofBe-O mode along with the 241 ¢m
band as a tunnelling-split pair, the evidence shbene suggests that the 184 tband is
not a fundamental, and that the other tunnellinmmonent of the 241 cfband lies
elsewhere. It is likely that Rowe observed thisesteear 293 cih and if this does prove
to be the case then microwave measurements antanthsor it are available. Further
investigation of the far-IR region with higher-qginalspectra is necessary, particularly
near 293 cr, since vibrational transitions to the R293 stateyrhe anomalously weak.
The band at 184 cihas not yet been conclusively identified and aspains as a point
for further study of this system. Additionally, tkeare a number of overtones and
combination bands that would be expected in thetd(8D0 cri range which were not

observed here.
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A simultaneous five-state rotational fitting haseh performed on the ground
state tunnelling pair, the 241 enstate and the 390/405 ¢ntunnelling pair (see table
4.9.2). The precise energies of the 241, 390 aBdca® states have been determined for
the first time, and the characterizations made byw&have been significantly expanded
using infrared data. The ground state charactésizgiresented here incorporates the
measurements used in the previous work by Bdla. [26] as well as a large range of
infrared measurements and is now applicable oveueh wider range of rotational J;K

parameter space (as shown in figures 4.4.3 and)4.4.

Microwave (from Ref. [5]) IR
Frequency Planarity Frequency (present work)  Planarity (present work) — Assignment (from Ref. [36])
0 In-plane 0 In-plane Ground
16 + 14 In-plane 21.58313974(60) In-plane
277 £ 22 In-plane 273 Out-of-plane YC.H
282+9 Out-of-plane 282 Out-of-plane ©
393 +59 Out-of-plane 390.3009228(72) Out-of-plane yrin
390 + 35 Out-of-plane 404.770168(11) Out-of-plane 9
237+ 20 Out-of-plane 241.0566119(75) In-plane VOO
293 +8 In-plane In-plane

Table 6.1: Summary of the eight lowest vibraticstates of malonaldehyde showing the correspondence
between states measured by R§sjeand those measured in the infrared. The IR-detgthfrequency of
Rowe's 293 cthstate has been left blank as it has yet to beraiétied and its planarity is assumed based
on it likely being part of a tunnelling pair withe 241 cnt state. The vibrational assignments are those of
Luttschwageet al.[36]. The 273 and 282 chstates were not included in the multi-state fijtin

The two states at 273 and 282 thave been identified as R277 and R282, which
means that pure rotation lines and constants ajlreadt for them. However, Rowe's
description could be significantly improved by thddition of a full set of infrared
assignments of the 252 (21 to 273 tmansition) and 282 crhbands which would cover
a much wider range in Jak§pace. As of writing, only limited assignmentgdlegse bands
have been made but further assigning and fittirmykshbe possible and will be attempted
in the future. There are also a number of highergynbands at 506, 512, 766, 964 and

999 cm for which assignments have been made but fitting mat yet been done. In
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some of these bands (in particular the 506/517 bands) there are perturbations that
must be accounted for before fitting can be peréatm

It is also of considerable interest to investigabe far-IR spectrum of a
malonaldehyde isotopologue with deuterium in thenglling position (either singly-
substituted at Kor doubly-substituted atdind H). Such species have been investigated
in the microwave regiof2] and the ground state splitting is known to be &l3oam’.
An infrared study of deuterated malonaldehyde waquidvide additional information
about the tunnelling potential since the deuteriumleus would occupy a lower-energy
position within it. As a result of the reduced #plg, vibrational states corresponding to
tunnelling pairs should also be easier to identifyhe tunnelling pair corresponding to
thevO---O mode could be identified in one of these isotogoés, this information could
be used to identify the corresponding levels inrdgular molecule.

Much of the preliminary work has been done in prapon for modeling
malonaldehyde using the Generalized Semi-Rigid Bekthmiltonian, although this was

not able to be attempted as part of this thesiggio
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Appendix A

Java Code Used for the Minimum Energy Path Caliculatin Chapter 5

The following code contains five Java classes twhvere used in the calculation
of the minimum energy path:

Configuration - an object class which contains seeof geometrical parameters
describing a configuration of malonaldehyde. Thesefigurations are read in from the
input and correspond to tlad initio results calculated by Itd15] with fixed rOO and
rOH.

LSFitting - contains a number of methods useg&forming least squares fitting
and evaluating various functions.

MalonPlot - an object class which is used to poedplots for output.

MalonSlice - reads in a set of configurations mghkip theab initio grid, then fits
each energy or geometrical parameter slice of coamm®® or rOH to obtain a functional
form for the slice. These functions as well asaatstg guess for the MEP are then saved
as output and used by MalonMEP. A sample inputidilerovided at the end of the code.

MalonMEP - reads in the slices and guess MEP medilby MalonSlice and
iteratively improves each MEP point by finding tiinimum of a slice perpendicular to
the MEP at that point. The geometrical parametersabso evaluated at each of the MEP
points.

To use this code, run MalonSlice to produce th® r@hd rOH slices, then run
MalonMEP to calculate the MEP. This code makesaisthe Apache Commons Math

[117] and JFreeChaj118] libraries.

85



A.1 - Configuration

import java.util. ArrayList;
import java.util.Arrays;

/I Contains the geometry of each optimized malonasthyde configuration with
/I fixed R_OO (B7) and R_OH (B8)
public class Configuration {
// names used in the input files summaryl.txtsummary9.txt as provided by Dr. F. Ito [115]
public static ArrayList<String> PARAM_INPUT_NAMS = new ArrayList<>(Arrays.asList("Eigenvalues",
"B1", "B2", "B3", "B4", "B5", "B6", "B7, "B8",
"A1", "A2", "A3", "A4", "A5", "A6", "AT",
"D1", "D2", "D3", "D4", "D5", "D6"));

/I names of geometrical parameters to be used foutput - B9 and A8 are additional non-independent
// parameters
public static ArrayList<String> PARAM_OUTPUT_NMES = new ArrayList<>(Arrays.asList("Energy",
"B1", "B2", "B3", "B4", "B5", "B6", "ROO", "R_OH",
"Al", "A2", "A3", "A4", "A5", "A6", "AT",
"D1", "D2", "D3", "D4", "D5", "D6",
"B9", "A8");

I/ list of parameters without R_OO and R_OH
public static ArrayList<String> REDUCED_PARAM AMES = new ArrayList<>(Arrays.asList("Energy",
"B1", "B2", "B3", "B4", "B5", "B6",
"Al", "A2", "A3", "A4", "A5", "A6", "AT",
"D1", "D2", "D3", "D4", "D5", "D6",
"B9", "A8");

private double[] PARAMS = new double[24] holds parameters in order of PARAM_OUTPUT_NAMES

public void setParam(int index, double param){
PARAMSJindex] = param;
}

public double getParam(int index) {
return PARAMSJ[index];
}

public void print(){
for(inti = 0; i < PARAMS.length; i++){
System.out.printin(PARAM_OUTPUT_NAMESt() + " - " + PARAMSJi]);
}
}
}
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A.2 - LSFitting

import org.apache.commons.math3.fitting.leastscubeastSquaresBuilder;

import org.apache.commons.math3.fitting.leastscubeastSquaresProblem;
import org.apache.commons.math3.fitting.leastsculhaltivariateJacobianFunction;
import org.apache.commons.math3.linear.Array2DRaoallRatrix;

import org.apache.commons.math3.linear.ArrayRedfec

import org.apache.commons.math3.linear.RealMatrix;

import org.apache.commons.math3.linear.RealVector;

import org.apache.commons.math3.util.Pair;

import java.io.BufferedWriter;
import java.io.lOException;
import java.util.ArrayList;
import java.util.Arrays;

/I Contains code for least squares fitting and evahtion of functions
public class LSFitting {

private BufferedWriter LOG;

public LSFitting(BufferedWriter log){
this.LOG = log;
}

/I creates a least squares problem for a polyrmaal function

/I fit parameters are in order ofa_0, a_1, a,2..

// for a polynomialy =a_0 + a_1*x + a_2*x"2..

// observations: list of x, y points

/I order: order of the fit

[/l guess: initial parameters

public LeastSquaresProblem makePolyLS(Arraydetible[]> observations, int order, double[] guéss)

if (order < 0){
log("Invalid order: " + order);
System.exit(1);

}

MultivariateJacobianFunction function = nBlltivariateJacobianFunction() {
public Pair<RealVector, RealMatrix>wa{RealVector point) {

RealVector value = new ArrayRealddebservations.size());
RealMatrix jacobian = new Array2DiRealMatrix(observations.size(), order+1);

for (inti =0; i < observationz&(); i++){
double modell = polyEvaluategetvations.get(i)[0], point.toArray());
value.setEntry(i, modell);

double[] jac = new double[ordE,
for (intj = 0; j <= order; j¥+
jacf[j] = Math.pow(obsenats.get(i)[0], j);
}
for (int j = 0; j <= order; j¥facobian.setEntry(i,j, jac[j]);
}
return new Pair<>(value, jacobian);
}
h

double[] target = new double[observatioze(];
for (int j = 0; j < target.length; j++) @et[j] = observations.get(j)[1];
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return new LeastSquaresBuilder().
start(guess).
model(function).
target(target).
lazyEvaluation(false).
maxEvaluations(1000000).
maxlterations(1000000).
build();

}

/I creates a least squares problem for a poteat function

/I fit parameters are in order of V_equilibrium, r_equilibrium, a_2, a_3, ...

// for a function V(r) = V_equilibrium + a_2*(r - r_equilibrium)*2 + a_3*(r - r_equilibrium)"3 ...

// observations: list of x, y points

// order: order of the fit

/I guess: initial parameters

public LeastSquaresProblem makePotentialLS{Aist<double[]> observations, int order, doublefiezs){

if (order <0 || order == 1){
log("Invalid order; " + order);
System.exit(1);

}

MultivariateJacobianFunction function = nklltivariateJacobianFunction() {
public Pair<RealVector, RealMatrix>we{RealVector point) {

RealVector value = new ArrayRealddebservations.size());
RealMatrix jacobian = new Array2DiRealMatrix(observations.size(), order + 1);

for (inti = 0; i < observationge(); i++){
double modell = point.getEn@y(
for (intj = 2; j <= order; j}+
modell += point.getEntryfj)ath.pow(observations.get(i)[0] - point.getEntry(D;

value.setEntry(i,modell);

double[] jac = new double[ordE,
jac[0] = 1;
if (order != 0) jac[1] = O;

for (intj = 2; j <= order; j}+
jaclj] = Math.pow(obsenats.get(i)[0] - point.getEntry(1), j);
jac[1] += -1**point.getEmy(j)*Math.pow(observations.get(i)[0] - point.getEEy(1), j-1);

for (int j = 0; j <= order; j}jacobian.setEntry(i,j, jac[j]);
}
return new Pair<>(value, jacobian);
}
h

double[] target = new double[observatioze];
for (intj = 0; j < target.length; j++) @et[j] = observations.get(j)[1];

return new LeastSquaresBuilder().
start(guess).
model(function).
target(target).
lazyEvaluation(false).
maxEvaluations(1000000).
maxlterations(1000000).
build();

88



}

I/ creates a least squares problem for a ratiahfunction (used to fit the MEP)

/I fit parameters are in order of ao, al, a2.an, b0, bl, b2... bn for order n

[/l for a function y = (a0 + al*x + a2*x"2...) (b0 + b1*x + b2*x"2...)

// observations: list of x, y points

/I order: order of the fit

/I guess: initial parameters

public LeastSquaresProblem makeMEPLS(Arrayldstsble[]> observations, int order, double[] guess){

if (order < 0{
log("Invalid order; " + order);
System.exit(1);

}

MultivariateJacobianFunction function = nklltivariateJacobianFunction() {
public Pair<RealVector, RealMatrix>we{RealVector point) {

RealVector value = new ArrayRealddebservations.size());
RealMatrix jacobian = new Array2Di®ealMatrix(observations.size(), (order + 1)*2);

for (inti = 0; i < observationge(); i++){
double a=0.0, b =0.0;
for (intj = 0; j <= order; j}+
a += point.getEntry(j)*Maglow(observations.get(i)[0], j);
b += point.getEntry(j + erd+ 1)*Math.pow(observations.get(i)[0], j);

double modell = a/ b;
value.setEntry(i,modell);

double[] jac = new double[2*fer+1)];
Arrays.fill(jac, 0);

for (intj = 0; j <= order; j}H+
jac[j] = b * Math.pow(obsetions.get(i)[0], j);
jac[j + order + 1] = -1*afp) * Math.pow(observations.get(i)[0], ));

}
for (intj = 0; j <= 2*order ¥; j++) jacobian.setEntry(i,j, jaclj]);
}
return new Pair<>(value, jacobian);
}
h

double[] target = new double[observatiomse(];
for (intj = 0; j < target.length; j++) @et[j] = observations.get(j)[1];

return new LeastSquaresBuilder().
start(guess).
model(function).
target(target).
lazyEvaluation(false).
maxEvaluations(1000000).
maxlterations(1000000).
build();

}

I returns the point with the lowest y-value
public static double[] getMinPoint (ArrayListadble[]> points){

double[] current = points.get(0);
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for (double[] point: points){
if (point[1] < current[1]) current = p;

return current;

}

I/l evaluates a polynomial function at x

/I parameters are in order ofa_0,a_1, a_2, ..

// for a polynomialy =a_0 + a_1*x + a_2*x"2..

public static double polyEvaluate(double X, lolefi params){

double y = 0;
for (inti =0; i < params.length; i++){
y += params[i]*Math.pow(X,i);

return y;

}

/I evaluates a potential function at r
// parameters are in order of V_equilibrium, r_equilibrium, a_2, a_3, ...

/I for a function V(r) = V_equilibrium + a_2*(r - r_equilibrium)*2 + a_3*(r - r_equilibrium)"3 ...

public static double potentialEvaluate(doubléauble[] params){

double v = params[0];
for (int j = 2; j < params.length; j++){
v += params[j]*Math.pow(r - params[l},
}
return v;

}

I/l evaluates a rational function at x

/I parameters are in order of ao, a1, a2... abp, b1, b2... bn for order n
/l for a function y = (a0 + al*x + a2*x"2...) (b0 + b1*x + b2*x"2...)
public static double rationalEvaluate(doubléeuble[] params){

double a=0.0, b=0.0;
for (intj = 0; j <= params.length / 2 -j3:+){
a += params[j] * Math.pow(X, j);
b += params][j + (params.length / 2)]thlaow(X, j);

return a/ b;

}

public void log(String s){

tryf
LOG.write(s);
LOG.newLine();

}catch (IOException ioe){
System.out.printin("Unable to log s¢rii + s + "\n" + ioe.getMessage());
System.exit(1);

}
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A.3 - MalonPlot

import org.apache.commons.math3.fitting. Weighted®ed Point;
import org.jfree.chart.ChartFactory;

import org.jfree.chart.ChartUtilities;

import org.jfree.chart.JFreeChart;

import org.jfree.chart.axis.ValueAxis;

import org.jfree.chart.plot.PlotOrientation;

import org.jfree.chart.plot.XYPlot;

import org.jfree.chart.renderer.xy.XYLineAndShapeBerer;
import org.jfree.data.xy.XYSeries;

import org.jfree.data.xy.XYSeriesCollection;

import java.awt.*;

import java.io.File;

import java.io.|OException;
import java.util.ArrayList;

/I handles plotting for MalonSlice and MalonMEP
public class MalonPlot {

/I R_OH and R_OO ranges for MEP plots
private static double[] MEP_RANGES = new do(j(:8,1.3,2.1,3.8};

private XYSeriesCollection DATASET = new XY SesCollection();
private XYPlot PLOT;
private JFreeChart CHART;
private double[] RANGES = new double[#4]{x_min, x_max, y_min, y_max]
public MalonPlot(double[] ranges) {
this.RANGES = ranges;
}

public MalonPlot(ArrayList<double[]> points) {
RANGES = getRanges(points);
}
public MalonPlot addPointSeries(ArrayList<WeighObservedPoint> pointSeries){
final XYSeries data = new XYSeries("Poirits. DATASET.getSeries().size());
for (WeightedObservedPoint point: point8g){
data.add(point.getX(), point.getY());
}
DATASET.addSeries(data);

return this;

}

public MalonPlot addPoint(double[] point){
final XYSeries pointSeries = new XY Seriéagint_" + DATASET.getSeries().size());
pointSeries.add(point[0], point[1]);
DATASET.addSeries(pointSeries);

return this;

}

public MalonPlot addPolynomial(double[] parardsuble pointinterval){

final XYSeries polySeries = new XY Seriesflyhomial_" + DATASET.getSeries().size());
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double x = RANGES|0];

while(x < RANGESI[1]){
double y = LSFitting.polyEvaluate(x rams);
polySeries.add(x, y);
X += pointinterval;

}
DATASET.addSeries(polySeries);

return this;

}

public MalonPlot addPotential(double[] paranhsible pointinterval){
final XYSeries potentialSeries = new XY ®s(l'Potential_" + DATASET.getSeries().size());

double x = RANGES|0];

while(x < RANGESI[1]){
double y = LSFitting.potentialEvaluatgfarams);
potentialSeries.add(x, y);
X += pointinterval;

}
DATASET.addSeries(potentialSeries);

return this;

}

public MalonPlot addRational(double[] paramsuble pointinterval){
final XYSeries rationalSeries = new XYSs(fRational_" + DATASET.getSeries().size());

double x = RANGES|0];

while(x < RANGESI[1]){
double y = LSFitting.rationalEvaluatgparams);
rationalSeries.add(X, y);
X += pointinterval;

}
DATASET.addSeries(rationalSeries);

return this;

}

public static double[] getRanges(ArrayList<d@fl> points){

double[] p = points.get(0);
double xMax = p[0], xMin = p[0];
double yMax = p[1], yMin = p[1];

for (double[] point: points){
if (point[0] > xMax) xMax = point[0];
if (point[0] < xMin) xMin = point[0];
if (point[1] > yMax) yMax = point[1];
if (point[1] < yMin) yMin = point[1];
}

double dx = xMax - xMin;
double dy = yMax - yMin;

xMin = xMin - 0.2*dx;
yMin = yMin - 0.2*dy;
xMax = xMax + 0.2*dx;
yMax = yMax + 0.2*dy;
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return new double[J{xMin,xMax,yMin,yMax};

}

public XYLineAndShapeRenderer getRenderer(){
return (XYLineAndShapeRenderer) PLOT.gettRaer();
}

public void createPlot(String name, String xéklstring yLabel){

CHART = ChartFactory.createXYLineChart(
name,
xLabel,
yLabel,
DATASET,
PlotOrientation.VERTICAL,
false, false, false);

PLOT = CHART.getXYPlot();
PLOT.setRenderer(new XYLineAndShapeRendteuey, true));
}

public void savePlot(){

/Il set range of axes

ValueAxis domain = PLOT.getDomainAxis();
domain.setRange(RANGES[0], RANGES[1));
ValueAxis range = PLOT.getRangeAXxis();
range.setRange(RANGESJ[2], RANGES[3]);

PLOT.setBackgroundPaint(nul)White background

try {
save(CHART, CHART.getTitle().getText())
}catch (IOException ioe){
System.out.printin(ioe.getMessage());
ioe.printStackTrace();
}
}

private void save(JFreeChart chart, String nahmews IOException{

int width = 640;
int height = 480;

File XYChart;
if (new File("out/" + name + ".png").exiéfs{
intc=2;
while (new File("out/" + name + "-" +c".png").exists()) c++;
XYChart = new File("out/" + name + "“+"c + ".png");
}else {
XYChart = new File("out/" + name + "gdiy;

}
ChartUtilities.saveChartAsPNG(XYChart, dhardth, height);
}

public static ArrayList<WeightedObservedPoiptintsConvert(ArrayList<double[]> points){
ArrayList<WeightedObservedPoint> newPomtsew ArrayList<>();

for (double[] point: points){
newPoints.add(new WeightedObservedPlpuint[0],point[1]));
}
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return newPoints;

}
public static ArrayList<double[]> backConvert(AyList<WeightedObservedPoint> points){
ArrayList<double[]> newPoints = new Arragts>();

for (WeightedObservedPoint point: points){
newPoints.add(new double[[{point.get}int.getY()});
}

return newPoints;

}
public static void plotPoly(ArrayList<double[jpoints, double[] params, String name, String Rngty){

MalonPlot polyPlot = new MalonPlot(points);
polyPlot.addPointSeries(pointsConvert(pgnt

.addPolynomial(params,0.001)

.createPlot(name, X, Y);
XYLineAndShapeRenderer renderer = polyB&iRenderer();
renderer.setSeriesLinesVisible(0,false);
renderer.setSeriesShapesFilled(0,true);
renderer.setSeriesPaint(0, Color.RED);
renderer.setSeriesShapesVisible(1,false);
renderer.setSeriesPaint(1, Color.BLUE);
polyPlot.savePlot();

}
public static void plotPotential(ArrayList<ddefl> points, double[] params, String name, Stoin@tring yX{

MalonPlot potentialPlot = new MalonPlot(pts);
potentialPlot.addPointSeries(pointsConpeitits))
.addPotential(params,0.001)
.createPlot(name, X, Y);
XYLineAndShapeRenderer renderer = poteptilgetRenderer();
renderer.setSeriesLinesVisible(0,false);
renderer.setSeriesShapesFilled(0,true);
renderer.setSeriesPaint(0, Color.RED);
renderer.setSeriesShapesVisible(1,false);
renderer.setSeriesPaint(1, Color.BLUE);
potentialPlot.savePlot();

}
public static void plotMEP(ArrayList<Weighted€drvedPoint> points, double[] params){

MalonPlot MEPPIot = new MalonPlot(MEP_RANGE
MEPPIot.addPointSeries(points)

.addRational(params,0.01)

.createPlot("Minimum Energy PathQH", "rO0");
XYLineAndShapeRenderer MEPRenderer = MEPgdtRenderer();
MEPRenderer.setSeriesLinesVisible(0,false);
MEPRenderer.setSeriesShapesFilled(0,true);
MEPRenderer.setSeriesPaint(0, Color.RED);
MEPRenderer.setSeriesShape(0,new Rectarjg(
MEPPIot.savePlot();

}
public static void plotPerpSlice(MalonPlot plString name, String xAxis, String yAxis}{

plot.createPlot(name, xAxis, YAXis);
XYLineAndShapeRenderer renderer = plot.getkerer();

94



renderer.setSeriesLinesVisible(0, false);
renderer.setSeriesShapesFilled(0, false);
renderer.setSeriesPaint(0, Color.RED);
renderer.setSeriesShapesVisible(1, false);
renderer.setSeriesPaint(1, Color.BLUE);
renderer.setSeriesLinesVisible(2, false);
renderer.setSeriesPaint(2, Color.BLACK);
plot.savePIlot();

}

public static void plotParamMEP (ArrayList<WetgtlObservedPoint> points, String name, String XAxis
String yAXxis){

MalonPlot plot = new MalonPlot(backConvpdints));
plot.addPointSeries(points)

.createPlot(name, xAXxis, YAXIs);
XYLineAndShapeRenderer renderer = plot.getierer();
renderer.setSeriesLinesVisible(0, false);
renderer.setSeriesShapesFilled(0, false);
renderer.setSeriesPaint(0, Color.RED);
plot.savePlot();
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A.4 - MalonSlice

import org.apache.commons.math3.fitting.leastscugre
import org.apache.commons.math3.linear.*;
import org.jfree.chart.renderer.xy.XYLineAndShapeBerer;

import java.awt.*;

import java.io.*;

import java.text.DecimalFormat;
import java.util. ArrayList;

import java.util.Arrays;

import java.util.Collections;

/*

Calculates R_OO and R_OH slices of the potential engy and all other geometrical parameters

Outputs:

log.txt - log file

ConfigurationList_ ROO-ROH-Energy.txt - list of R_OO, R_OH and Energy for each input configuration

EnergySliceMinima_*.txt (where * = R_OO and R_OH) -list of minimum energy and R_OH/R_OO for each

slice

** * Slices.txt (where * = R_OO and R_OH, ** = eachother parameter) - list of fitted functions to eab slice
(for use in MalonMEP)

Plots of each slice, if SAVE_IMAGES is true

*/

public class MalonSlice {

private static String FILEPATH = "src/summary/'base name, files are summaryl.txt, summary?2.txetc.
private static String LOGPATH = "out/";
private static boolean SAVE_IMAGES = false;

public static int MAX_REGRESSION_ORDER = 6;

private static double[] GUESS = new double[{{®,5,-1.5,1.5,0,0}/ initial fit parameters
private static int COMMON_PARAM = &, 7 (rOO) or 8 (rOH)

private static int X_PARAM =7,

private static int Y_PARAM = 21,

private static ArrayList<Configuration> ALL_CONIGS = new ArrayList<>(){/ full list of Configurations
private static ArrayList<Double> SLICE_VALUESrew ArrayList<>();// all values of COMMON_PARAM
private static ArrayList<Configuration> CONFIGShew ArrayList<>();

private static BufferedWriter[] OUTPUT_WRITERnew BufferedWriter[4];

/I formats for printing output
private static DecimalFormat R_FORMAT = new DesiFormat("0.00");
private static DecimalFormat ENERGY_FORMAT =wnBecimalFormat("0.00000");

public static void main(String[] args){

createLog("MalonSlice_log", 0);
createLog("ConfigurationList_ ROO-ROH-Energl);
createLog("MEP_Guess", 2);

log(1, "R_OO\tR_OH\tEnergy");

// read in data from all files, populate CONFIGS
try {
inti=1;
while (new File(FILEPATH + i + ".txt"®xists()) {
log("Reading file: " + FILEPATH + ".txt");
generateCONFIGS(FILEPATH + i + tjx
OUTPUT_WRITERJO0].flush();
i++;

1
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}

}
}catch(IOException ioe){

log("Unable to import configurationsin file.\n" + ioe.getMessage());
System.exit(1);

log("Done reading files'\n\n");

/I for each parameter, generate R_OO and ®H slices
for (inti=0;i<22; i++){

}

if i==7||i==8) continue;
Y_PARAM =i;

/I R_OO slices
COMMON_PARAM =7,
X_PARAM = 8;

calculateSlices();
CONFIGS.clear();
CONFIGS.addAll(ALL_CONFIGS);

/I R_OH slices

COMMON_PARAM = 8;
X_PARAM =7,;

calculateSlices();
CONFIGS.clear();
CONFIGS.addAll(ALL_CONFIGS);

private static void calculateSlices(){

createLog(Configuration.PARAM_OUTPUT_NAMESt(Y_PARAM) +" " +
Configuration.PARAM_OUTPUT_NAMESt¢@OMMON_PARAM) +"_Slices", 3);

generateSliceValues(),generates the list of CURRENT_PARAM values
double[] ranges = getRange#()X and Y range for plots

/I for every value of CURRENT_PARAM

for (Double sliceValue: SLICE_VALUES){

log("New " + Configuration.PARAM_OUTPUNAMES.get(COMMON_PARAM) + ": " + sliceValue);

ArrayList<double[]> XYpoints = new Aryhist<>();

ArrayList<Configuration> tempConfigsvew ArrayList<>();// a copy of CONFIGS to iterate over

tempConfigs.addAll(CONFIGS);
for (Configuration c: tempConfigs){

if (c.getParam(COMMON_PARAM) !=aiValue) continuef check for correct COMMON_PARAM
XYpoints.add(new double[]{c.getPakX_PARAM),c.getParam(Y_PARAM)});

CONFIGS.remove(c);
}

/I fit the energy to a potential function, other paameters to a polynomial

ArrayList<double[]> result;

if (Y_PARAM == 0 && (X_PARAM == 7 || XPARAM == 8)) {// Energy vs R_OO or R_OH

result = doPotentialFitting(XYpannull);
}else {

result = doPolyFitting(XYpoints, IHu
}

double[] params = result.get(0);
double[] sigma = result.get(1);
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if (Y_PARAM == 0){
if (X_PARAM == 7 && sliceValue > @) log(2, sliceValue + "\t" + params[1] + "\n");
if (X_PARAM == 8 && params[1] < 1)0og(2, params[1] + "\t" + sliceValue + "\n");
}

log(3, sliceValue.toString() +"");
for (inti = 0; i < params.length; i+{)
log(3, paramsl[i] + " " + sigmal[i]"+);

}
log(3, "\n");

if (SAVE_IMAGES) {

String name = Configuration.PARAMJUTPUT_NAMES.get(Y_PARAM) + " vs " +
Configuration.PARAM_OUTPUNAMES.get(X_PARAM) + " at" +
Configuration.PARAM_OUTPUVAMES.get(COMMON_PARAM) +" ="+

R_FORMAT.format(sliceValue);
log("Saving plot: " + name);

MalonPlot plot = new MalonPlot(ras);

plot.addPointSeries(MalonPlot.ps@unvert(XYpoints));

if (Y_PARAM == 0 && (X_PARAM == 7||X_PARAM == 8)) {
plot.addPotential(params, 0.01)
.addPoint(new doublpBfams[1], params[0]});
}else {
plot.addPolynomial(params, (.01

}

plot.createPlot(name, ConfiguratithRAM_OUTPUT_NAMES.get(X_PARAM),
Configuration.PARAM_OUTPUNAMES.get(Y_PARAM));

XYLineAndShapeRenderer renderefot.getRenderer();

renderer.setSeriesLinesVisibleflsd);

renderer.setSeriesShapesFilled(Se;

renderer.setSeriesPaint(0, ColoABK);

renderer.setSeriesShapesVisibfa(de);

plot.savePlot();

}
flushLog();

}
}

// iteratively fits a set of points to a polynmial, decreasing the order each time until all pareneters
I/l are well-defined (or until the polynomial isof order 1)
public static ArrayList<double[]> doPolyFitti(drrayList<double[]> points, BufferedWriter writdr)

if (writer !'= null) OUTPUT_WRITER = new BfdredWriter[J{writer};

boolean fitlsGood;
int fitNum = 0;
double[] params;
RealVector sigma;

do {
fitlsGood = true;
log("Fitting with order: " + String.va@Of(MAX_REGRESSION_ORDER - fitNum));

double[] guess = new double[MAX_REGRES3S_ORDER - fitNum + 1];

Arrays fill(guess, 1);

LeastSquaresProblem problem = new HRFIOUTPUT_WRITER][0]).makePolyLS(points,
MAX_REGRESSION_ORDER - fitNugyess);

LeastSquaresOptimizer.Optimum optimunew LevenbergMarquardtOptimizer().optimize(problem
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params = optimum.getPoint().toArray();
sigma = optimum.getSigma(0);

double rms = optimum.getRMS();
sigma = sigma.mapMultiply(rms);
log("RMS: " + rms);

for (int j = 0; j < optimum.getPointQArray().length; j++){
log("a_" +j+" ="+ params[j]"+- sigma =" + sigma.getEntry(j));
}

for (inti = 0; i < params.length; i4+)
if (paramsli] == 0 || Double.isNaifma.getEntry(i)) || sigma.getEntry(i) > Math.adzsémsli]))
fitlsGood = false;

}

fitNum++;
} while (fitisGood && fitNum < MAX_REGRES8N_ORDER);

ArrayList<double[]> result = new ArrayListf);
result.add(params);
result.add(sigma.toArray());

flushLog();

return result;

}

// iteratively fits a set of points to a potenal function, decreasing the order each time untibll parameters
/I are well-defined (or until the function is & order 2)
public static ArrayList<double[]> doPotentiatfig(ArrayList<double[]> points, BufferedWriter vter){

if (writer !'= null) OUTPUT_WRITER = new BfdredWriter[J{writer};

boolean fitlsGood;
int fitNum = 0;
double[] params;
RealVector sigma;

do {
int order = MAX_REGRESSION_ORDER - #tNum;
log("Fitting with order: " + String.vatOf(order));
fitlsGood = true;

double[] guess = new double[order+1];

for (int j = 0; j <= order; j++) gue§lsk GUESS]j];
double[] minPoint = LSFitting.getMinfPafpoints);
guess[0] = minPoint[1];

if (order != 0) guess[1] = minPoint[0];

LeastSquaresProblem problem = new EBEOUTPUT_WRITER][0])
.makePotentialLS(points, MAX_BEESSION_ORDER - 2 * fitNum, guess);
LeastSquaresOptimizer.Optimum optimunew LevenbergMarquardtOptimizer().optimize(problem

params = optimum.getPoint().toArray();
sigma = optimum.getSigma(0);

double rms = optimum.getRMS();
sigma = sigma.mapMultiply(rms);

log("RMS: " + rms);
for (int j = 0; j < optimum.getPointArray().length; j++){
if j == 0) log("V_equilibrium =% params[j] + " - sigma =" + sigma.getEntry(j));

else if (j == 1) log("r_equilibrium" + paramsJ[j] + " - sigma =" + sigma.getErj)y
elselog("a "+j+" ="+ parafsf" - sigma ="+ sigma.getEntry(j));
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}

for (inti = 0; i < params.length; i4+)
if (i == 1) continué/ don't check for r_equilibrium
if (paramsli] == 0 || Double.isNaifma.getEntry(i)) || sigma.getEntry(i) > Math.adzsémsli]))
fitlsGood = false;

}

fitNum++;
} while (ffitlsGood && fitNum < MAX_REGRESEN_ORDER / 2);

ArrayList<double[]> result = new ArrayListf);
result.add(params);
result.add(sigma.toArray());

flushLog();

return result;

}

private static double[] getRanges(){

ArrayList<double[]> points = new ArrayListf);
for (Configuration c: ALL_CONFIGS){

points.add(new double[]{c.getParam(X F&M), c.getParam(Y_PARAM)});
}

if (points.size() > 0)}{
return MalonPlot.getRanges(points);

else return new double[]{0,1,0,1};

}

private static void generateCONFIGS(StringNiene) throws IOException{
BufferedReader reader = new BufferedReaéder(FileReader(new File(fileName)));

/I check that the first line is of the correct form
String[] firstLine = reader.readLine().4pNs+");
if (Configuration.PARAM_INPUT_NAMES.contaffirstLine[1]))
throw new IOException("First line nabperly formatted: " + fileName);

int configsinRow = firstLine.length - 1;
Configuration[] configurationRowi holds each row of configurations from the file
configurationRow = new Configuration[cordigRow];
for(inti = 0; i < configsInRow; i++){
configurationRow[i] = new ConfiguratiQn
}

while(reader.ready()){
String[] line = reader.readLine().s{lis+");

/I at the end of each row of configurations, add ctents of array to CONFIGS and create a new array
if (IConfiguration.PARAM_INPUT_NAMES.ctains(line[1])){
CONFIGS.addAll(Arrays.asList(configtionRow));
ALL_CONFIGS.addAll(Arrays.asList(eiigurationRow));
configsinRow = line.length - 1;

configurationRow = new ConfiguratjoonfigsinRowl];
for(inti = 0; i < configsinRow; H){
configurationRow(i] = new Cogdiration();

} else{
//[Eigenvalues line needs additional processing si& they are not separated by spaces
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if (line[1].equals(Configuration.RAM_INPUT_NAMES.get(0))) line = processEVLine(line)
for(inti = 0; i < configsinRow; H){
configurationRow(i].setParam(tfiguration.PARAM_INPUT_NAMES.indexOf(line[1]),
Double.parseDouble(ing]));
}

}
}

for (Configuration c: configurationRow){
log(1, "\n");
log(1,R_FORMAT.format(c.getParam(7))\t+* +
R_FORMAT.format(c.getParam@))t" + ENERGY_FORMAT.format(c.getParam(0)));
}

CONFIGS.addAll(Arrays.asList(configuratiom®)); // add last row of configurations
ALL_CONFIGS.addAll(Arrays.asList(configuranRow));
reader.close();

}

private static String[] processEVLine(Strintfie){
String processLine = line[0] + " " + ling[x " " + line[3];
processLine = processLine.replaceAll("-*});
return processLine.split("\\s+");

}
private static void generateSliceValues()}{

SLICE_VALUES = new ArrayList<>();
for (Configuration configuration: ALL_CONGEB) {
if (ISLICE_VALUES.contains(configuratiggetParam(COMMON_PARAM)))
SLICE_VALUES.add(configuration.gatBm(COMMON_PARAM));
}

Collections.sort(SLICE_VALUES);
}

/l creates an output writer to name.txt, numberingthe files if it already exists
private static void createLog(String nameiriotex){
try {
File logFile;
if (new File(LOGPATH + name + ".txt"Xists()) {
intc=2;
while (new File(LOGPATH + name + * ¢ + ".txt").exists()) c++;
logFile = new File(LOGPATH + namé-* + ¢ + ".txt");
}else {
logFile = new File(LOGPATH + namée.ixt");
}
OUTPUT_WRITER[index] = new BufferedWaitnew FileWriter(logFile));
Jcatch (IOException ioe){
System.out.printin("Unable to createg fibe writer.\n" + ioe.getMessage());
System.exit(1);
}
}

/l writes s to OUTPUT_WRITER[O]
public static void log(String s){
tryf
OUTPUT_WRITERI[O].write(s);
OUTPUT_WRITERJ[0].newLine();
}catch (IOException ioe){
System.out.printin("Unable to log s¢rii + s + "\n" + ioe.getMessage());
System.exit(1);
}
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}

/l writes s to OUTPUT_WRITER[index]
public static void log(int index, String s){
tryf
OUTPUT_WRITER][index].write(s);
}catch (IOException ioe){
System.out.printin("Unable to log s¢rii + s + "\n" + ioe.getMessage());
System.exit(1);

}

private static void flushLog(){
tryf
for (inti=0; i < OUTPUT_WRITER.lerfyti++){
OUTPUT_WRITER]i].flush();

}
OUTPUT_WRITERJ[0].newLine();

}catch (IOException ioe){
System.out.printin("Unable to flush Moy + ioe.getMessage());
System.exit(1);
}
}
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A.5 - MalonMEP

import org.apache.commons.math3.fitting. Weighted®ed Point;
import org.apache.commons.math3.fitting.leastsaugre

import java.io.*;

import java.util. ArrayList;

public class MalonMEP {

private static String INPUT_PATH = "src/MEP_nify;
private static String LOGPATH = "out/";

private static boolean SAVE_IMAGES = false;

private static int ITERNUM = 20/ number of iterations

private static double FILLLIMIT = 0.01f maximum rOO-rOH distance between calculated MERpoints
private static double ROH_UPPER_LIMIT = 1.18zalculation of the MEP is not good above this r8 value
private static double[] RANGES = new double[B8,1.2,2.16,3.52}/ range to calculate the MEP

private static int FITORDER = 1;

private static double[] GUESS = new double[]64,1.72,-0.71,0.74};

private static ArrayList<ArrayList<ArrayList<Quble>>> SLICES = new ArrayList<>();

// index (0 for OH slice, 1 for OO slice), slice \lae, paraml, sigmal, param2, sigma2...

private static ArrayList<WeightedObservedPoiMEP = new ArrayList<>(){/ x = rOH, y = rOO
private static ArrayList<ArrayList<WeightedOlgedPoint>> PARAM_RHO = new ArrayList<>();
/I (RHO, Parameter) points

private static ArrayList<ArrayList<double[]>>ARAM_COORDINATES = new ArrayList<>();

/I (rO0, rOH, Parameter) points

private static BufferedWriter[] OUTPUT_WRITERnew BufferedWriter[3];
public static void main(String[] args){

createAllLogs();

String logTitle = "rOH rO0";

for (String param: Configuration.REDUCED_RAM_NAMES) logTitle = logTitle + " " + param;
log(1, logTitle);

for (inti=0; i < 20; i++) PARAM_COORDINAES.add(new ArrayList<>());

// read in data from all files, populate SLICES andMEP
try {
log("Reading files: " + INPUT_PATH + "BP_Guess.txt");
generateMEPGuess(INPUT_PATH + "MEP_GugS);

for (inti=0;i<22; i++){
if i == 7 || i == 8) continu#;skip R_OO and R_OH
SLICES.add(new ArrayList<>());
String name = INPUT_PATH + Configtion.PARAM_OUTPUT_NAMES.get(i);
log("Reading files: " + name +"_RHGSlices.txt \nand "
+name +"_R_OQO_Slices)txt"
generateSLICES(name +"_R_OH_Slix#s0);
generateSLICES(name +"_R_0OO_Slix&sl);

}
flushLog();

}catch(IOException ioe){
System.out.printin("Unable to impornéigurations from file.\n" + ioe.getMessage());
log("Unable to import configurationsin file.\n" + ioe.getMessage());
System.exit(1);

log("Done reading files'\n\n");
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LeastSquaresProblem problem = new LSFigrPUT_WRITER[0])
.makeMEPLS(MalonPlot.backConvert®)EFITORDER, GUESS);
LeastSquaresOptimizer.Optimum optimum = hewenbergMarquardtOptimizer().optimize(problem);

double[] results = optimum.getPoint().tody¢);

System.out.printin(MEP.size());
MalonPlot.plotMEP(MEP, results);
fillIMEP();
System.out.printin(MEP.size());
MalonPlot.plotMEP(MEP, results);

for (inti=0; i< ITERNUM,; i++){
boolean finallteration = (i == ITERNUML);
ArrayList<WeightedObservedPoint> newME&BenerateNextMEP(results, finallteration);
MEP = newMEP;

problem = new LSFitting(OUTPUT_WRITER|O
.makeMEPLS(MalonPlot.backCotn{MEP), FITORDER, GUESS);
optimum = new LevenbergMarquardtOptenfgoptimize(problem);
results = optimum.getPoint().toArray();
MalonPlot.plotMEP(newMEP,results);

}
flushLog();

addNewParams();
makeParamRHO();
for (inti=0;i<20;i++) {
MalonPlot.plotParamMEP(PARAM_RHO.get@onfiguration.REDUCED_PARAM_NAMES.get(i)+
"vs MEP", "MEP", Configuration.REDUCED_PARAM_NAMEget(i));
}
}

/I Changes MEP axis to RHO, defined as: B5 - B3
private static void makeParamRHO(){

for (inti=0;i<22;i++){
log(2,Configuration.REDUCED_PARAM_NAME®L(i));

PARAM_RHO.add(new ArrayList<>());

for (int k = 0; k < PARAM_COORDINATESd(i).size(); k++){
double x = PARAM_COORDINATES.get@8t(k)[2] - PARAM_COORDINATES.get(3).get(k)[2];
PARAM_RHO.get(i).add(new Weighted®tvedPoint(1, x, PARAM_COORDINATES.get(i).get(K))2

log(2, x +" "+ PARAM_COORDINATS.get(i).get(k)[2] +" "+
PARAM_COORDINATES.get(i).get(k)[0] +" "+ PARA_COORDINATES.get()).get(k)[1]);
flushLog();

if (i == 0){// for energy, add the other side of the transitiorstate symmetrically
PARAM_RHO.get(i).add(new WeigtiObservedPoint(1 ,-1*x,
PARAM_COORDINATES.get(i).get(k)[2]));
}

}
|og(2’ llll);
}
}

private static void addNewParams(){

PARAM_COORDINATES.add(new ArrayList<>());
PARAM_COORDINATES.add(new ArrayList<>());
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for (inti=0; i < PARAM_COORDINATES.get[@ize(); i++) {
double B5 = PARAM_COORDINATES.get(5x@%2];
double[] A = new double[]{-1.0*B5, 0};

double A4 = PARAM_COORDINATES.get(1@t€)[2] * (Math.P1 / 180.0);
double B3 = PARAM_COORDINATES.get(3}@42];
double[] C = new double[[{-1.0*B3*Mattns(A4), B3*Math.sin(A4)};

double A2 = PARAM_COORDINATES.get(8)t@g2] * (Math.P1/ 180.0);
double alpha = A2 + A4 - Math.Pl;

double B2 = PARAM_COORDINATES.get(2)}@42];
double[] D = new double[[{C[0] - B2*Matcos(alpha), C[1] + B2*Math.sin(alpha)};

double[] R = new double[]{A[0] - D[OR[1] - D[1]};
double R_mag = Math.sqrt(R[O]*R[0] +IR{R[1]);

double B7 = PARAM_COORDINATES.get(OX@4o];
double A6 = PARAM_COORDINATES.get(12t6)[2] * (Math.P1 / 180.0);
double B9 = Math.sqrt(B7*B7 + R_mag*Ragn 2*B7*R_mag*Math.cos(A6));

double beta = Math.asin(B7*Math.sin(/&D);

double AdD = A[O]*R[O] + A[1]*R[1];

double A_mag = Math.sqrt(A[O]*A[0] + A[*A[1]);

double D_mag = Math.sqrt(R[0]*R[0] +B{R[1]);

double gamma = Math.acos(AdD/(A_mag*agy;
double A8 = beta + gamma;

double A8deg = A8 * (180.0 / Math.Pl);

double B8 = PARAM_COORDINATES.get(OX@¢1];
PARAM_COORDINATES.get(PARAM_COORDINATESze()-2).add(new double[J{B7, B8, BI});
PARAM_COORDINATES.get(PARAM_COORDINATESze()-1).add(new double[[{B7, B8, A8deg}));
}
}

// adds interpolated points to guess MEP
private static void filMEP(){
boolean done;
do {
done = true;
for (inti=1; i < MEP.size(); i++) {
double dist = Math.sgrt(Math.pow(RlBet(i).getX() - MEP.get(i - 1).getX(), 2) +
Math.pow(MEP.get(i).get¥(MEP.get(i - 1).getY(), 2));
if (dist > FILLLIMIT) {
MEP.add(i, new WeightedObseRaidt(1, (MEP.get(i).getX() + MEP.get(i - 1).getX()2.0,
(MEP.get(i).getY() + NEget(i - 1).getY()) / 2.0));
done = false;

}

} while (!done);

}

private static ArrayList<WeightedObservedPoigenerateNextMEP (double[] MEPfitParam, boolean
finallteration){

// Points along each perpendicular slice (all paraeters)
ArrayList<ArrayList<double[]>> points = nedrrayList<>();
for (inti=0; i< 20; i++) points.add(nefrayList<>());

ArrayList<WeightedObservedPoint> nextMERew ArrayList<>();//Min along each slice - new MEP points
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for (WeightedObservedPoint point: MEP){
log("New MEP Point: " + point.getX()"+" + point.getY());

double[] line = getPerpLine(point, MEiPfaram);
for (inti =0; i< 20; i++) points.détclear();

for (ArrayList<Double> slice: SLICES1¢@)){ // each energy slice
log("Checking Slice: " + slice.dt¢ ", " + slice.get(1));

// find rOH and rOO of intersectionof slice with line

int index = slice.get(0).intValug()0 for rOH slice, 1 for rOO slice

double[] position = new double[2];

position[index] = slice.get(1);

position[1 - index] = (1 - index)ine[0] + position[0] * line[1]) +
(index) * (position[1] 1ke[0]) / line[1];

if (position[0] < RANGES[0] || pdisin[0] > RANGESI1] ||
position[1] < RANGES[2pppsition[1] > RANGES]3]) continue;

double[] subSlice = new doublefslsize() - 2) / 2];
for (inti=2;i < slice.size()=ii + 2){
subSilice[i/2 - 1] = slice.ggt(l slice parameters without uncertainty

}

/I calculate position of the intersection as a diahce along the line
double linePosition = Math.sqrt(katow(position[0]-point.getX(),2) +
Math.pow(position[1] - poigetY(),2));
if (position[0] < point.getX()) lePosition *= -1;
linePosition += -1/ -1 for offset, so that the minimum is far from zro

/Il potential energy at the intersection
double v = LSFitting.potentialEvata(position[1 - index], subSlice);

log("Point Found: " + position[O]"+" + position[1] + ", " + v +
", position on line: " n&Position);
points.get(0).add(new double[|{lresition,v});

/I calculate the value of each parameter at the iatsection using the equivalent slice
if (finallteration && point.getX(x ROH_UPPER_LIMIT){
for (inti=1;i<20; i++){
ArrayList<ArrayList<Double>paramSlices = SLICES.get(i);
for (ArrayList<Double> pan&lice: paramSlices){
if (paramSlice.get(G)\alue() == index &&
Math.abs(pardicesget(1) - position[index]) < FILLLIMIT/10000.9)
double[] subParaimskE new double[(paramSilice.size() - 2) / 2];
for (intj = 2; jparamSlice.size(); j = + 2){
subParamSliefj1] = paramSlice.get(j);
}
double paramValueSFitting.polyEvaluate(position[1 - index], subBarSlice);
points.get(i).adeMindouble[]{linePosition,paramValue});
break;
}
}
}

}
flushLog();

}

if (points.get(0).size() < 5}
log("Not Enough Points to Fit: ‘p#int.getX() +", " + point.getY());
continue;

}
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/I fitting the energy
log("Fitting slice... " + points.sizef)" / " + SLICES.size() + " slices used");
ArrayList<double[]> fitResults = Malohi&.doPotentialFitting(points.get(0), OUTPUT_WRIRD]);

double[] reg = fitResults.get(0);
double min =reg[1] + ¥;+1 for offset
double vMin = reg[0];

double theta = Math.atan(line[1]);

double newROH = point.getX() + min*Matbs(theta);

double newROO = point.getY() + min*Matim(theta);
nextMEP.add(new WeightedObservedPa@gf(],newROH,newROQ));

/ffitting the other parameters
if (finallteration && point.getX() < RAB_UPPER_LIMIT){

PARAM_COORDINATES.get(0).add(newbte[[{newROO,newROH,vMin});

String logString = point.getX() + * point.getY() + " " + point.getWeight();

for(int k = 1; k < 20; k++){
ArrayList parPoint = points.@et
ArrayList<double[]> paramResutt MalonSlice.doPolyFitting(parPoint, OUTPUT_WRITER;
double[] paramReg = paramRasyuit(0);
double paramValue = LSFittirmycvaluate(reg[1],paramReg);
PARAM_COORDINATES.get(k).addwdouble[]{newROO,newROH,paramValue});
logString = logString + " " -aamValue;

}
log(1,logString);
}

if (SAVE_IMAGES){
log("Saving fitted plots..");

MalonPlot slicePlot = new MalonRRANGES)
.addPointSeries(MEP)
.addPolynomial(line, 0.01)
.addPoint(new double[]{ne@R, newROOQO});
MalonPlot.plotPerpSlice(slicePIMEP with slice at - " + point.getX() + ", " + pdigetY(),
"rOH", "r0Q0");

MalonPlot potentialPlot = new MaRiat(points.get(0))
.addPointSeries(MalonPloitpsConvert(points.get(0)))
.addPotential(reg, 0.01)
.addPoint(new double[]{r&b[reg[0]});

MalonPlot.plotPerpSlice(potentia®I'Potential Slice at - " + point.getX() + ", "point.getY(),
"Position on Line", "Enelyy

}
flushLog();

return nextMEP;

}

private static double[] getPerpLine(Weighted€bedPoint point, double[] fitParam){

double x = point.getX();
double num = 0.0, denom = 0.0;
double a=0.0, b =0.0;
for (intj = 0; j <= (fitParam.length / 2)L; j++){
num += fitParam(j] * Math.pow(X, j);
denom += fitParam[j + (fitParam.lengt®)] * Math.pow(x, j);

a +=j *fitParam[j] * Math.pow(x, j);
b += j * fitParam[j + (fitParam.lengti2)] * Math.pow(x, j - 1);
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a=a/denom;
b =-1*num/(denom * denom) * b;

doubled =a + b;
double slope =-1.0/d;
double yint = point.getY() - (slope * x);

return new double[]{yint, slope};

}

private static void generateSLICES(String figehk, int index) throws IOException{
BufferedReader reader = new BufferedReader(FileReader(new File(fileName)));

while(reader.ready(){
String[] line = reader.readLine().sgls+");
ArrayList<Double> slice = new ArrayLsst();

slice.add((double)index);

for (String s: line){
if (s == null) continue;
slice.add(Double.parseDouble(s));

}
SLICES.get(SLICES.size() - 1).add(slice

reader.close();

}

private static void generateMEPGuess(StriraN@me) throws IOException{
BufferedReader reader = new BufferedReaéder(FileReader(new File(fileName)));

if (MEP.size() == 0) {
String[] line = reader.readLine().sgls+");
double x = Double.parseDouble(line[0]);
double y = Double.parseDouble(line[1]);
MEP.add(new WeightedObservedPoint(¥)),

}

while(reader.ready(){
String[] line = reader.readLine().sgls+");
double x = Double.parseDouble(line[0]);
double y = Double.parseDouble(line[1]);

for (inti = 0; i < MEP.size(); i++){
if (MEP.get(i).getY() <y) {
MEP.add(i,new WeightedObsen@d#1, X, y));
break;

}
if (i == MEP.size() - 1){
MEP.add(i+1,new WeightedObsdR@int(1, X, Y));
break;
}
}

reader.close();

private static void createAllLogs() {
createLog("MalonMEP_log", 0);
createLog("MEPWithParams",1);
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createLog("MalonParam_lInput",2);

/I creates an output writer to name.txt, numberingthe files if it already exists
private static void createLog(String nameiriotex){
try {
File logFile;
if (new File(LOGPATH + name + ".txt"xists()) {
intc=2;
while (new File(LOGPATH + name + * ¢ + ".txt").exists()) c++;
logFile = new File(LOGPATH + namé-* + ¢ + ".txt");
}else {
logFile = new File(LOGPATH + namée'.ixt");
}
OUTPUT_WRITER[index] = new BufferedWaitnew FileWriter(logFile));
}catch (IOException ioe){
System.out.printin("Unable to createg fibe writer.\n" + ioe.getMessage());
System.exit(1);
}
}

/l writes s to OUTPUT_WRITER[O]
public static void log(String s){
try{
OUTPUT_WRITERJO].write(s);
OUTPUT_WRITERJ[0].newLine();
}catch (IOException ioe){
System.out.printin("Unable to log strii + s + "\n" + ioe.getMessage());
System.exit(1);
}
}

/l writes s to OUTPUT_WRITER[index]
public static void log(int index, String s){
try{
OUTPUT_WRITER[index].write(s);
OUTPUT_WRITERJ[index].newLine();
}catch (IOException ioe){
System.out.printin("Unable to log strii + s + "\n" + ioe.getMessage());
System.exit(1);
}
}

private static void flushLog(){
try{
for (inti=0; i< OUTPUT_WRITER.leryti++){
OUTPUT_WRITERYi].flush();

OUTPUT_WRITERJ[0].newLine();

}catch (IOException ioe){
System.out.printin("Unable to flush Mg + ioe.getMessage());
System.exit(1);
}
}
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A.6 - Sample Input for MalonSlice (from Dr. F. [td5])

See table 5.1.1 for descriptions of parameters.

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3
D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3

1

2

3

4

5

-267.18593-267.18588-267.18581-28571-267.18558

1.10651
1.23198
1.44527
1.08277
1.35976
1.08643
2.66000
0.92000

1.10668
1.23156
1.44594
1.08291
1.35947
1.08639
2.68000
0.92000

1.10684
1.23114
1.44666
1.08299
1.35922
1.08641
2.70000
0.92000

1.10703
1.23068
1.44732
1.08313
1.35899
1.08637
2.72000
0.92000

1.10720
1.23026
1.44797
1.08325
1.35876
1.08636
2.74000
0.92000

119.35755 119.34512 119.33360 119.31772 11918030
123.89143 124.06511 124.23643 124.40727 1246759
119.70730 119.51445 119.34717 119.16554 1183872
120.95845 121.30572 121.64227 121.99104 12238373
122.48622 122.39822 122.29761 122.20526 1221072
27.67430 27.56032 27.44175 27.32774 27.21129
108.57830 108.60775 108.65282 108.68641 1083306
180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
6 7 8 9 10
-267.18543-267.18526-267.18507-2848b-267.18462

1.10736
1.22985
1.44863
1.08337
1.35855
1.08634
2.76000
0.92000

1.10753
1.22945
1.44927
1.08349
1.35835
1.08633
2.78000
0.92000

1.10768
1.22906
1.44991
1.08361
1.35816
1.08632
2.80000
0.92000

1.10784
1.22867
1.45055
1.08373
1.35799
1.08631
2.82000
0.92000

1.10799
1.22830
1.45118
1.08385
1.35783
1.08630
2.84000
0.92000

119.28730 119.27098 119.25407 119.23658 1194185
124.74352 124.91019 125.07616 125.24156 12561064
118.80894 118.62957 118.44919 118.26804 1189862
122.68402 123.03182 123.38083 123.73098 1243822
122.00701 121.90586 121.80388 121.70100 1215972
27.09389 26.97611 26.85804 26.73963 26.62087
108.77890 108.82960 108.88189 108.93533 108.8896
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
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D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3
D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3

180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000

11

12

13

14

15

-267.18437-267.18635-267.18662-286G8Y-267.18710

1.10813
1.22794
1.45181
1.08398
1.35769
1.08629
2.86000
0.92000

1.10801
1.22857
1.45123
1.08394
1.35820
1.08651
2.86000
0.94000

1.10784
1.22904
1.45049
1.08381
1.35855
1.08652
2.84000
0.94000

1.10768
1.22947
1.44982
1.08368
1.35874
1.08653
2.82000
0.94000

1.10752
1.22981
1.44920
1.08357
1.35882
1.08654
2.80000
0.94000

119.19905 119.13792 119.15310 119.16906 1194.836
125.57169 125.61061 125.45374 125.29423 12571239
117.91327 117.89496 118.12181 118.29516 11831542
124.43052 124.41512 124.04980 123.70519 1238629
121.49219 121.46677 121.56253 121.67181 12117758
26.49992 26.48893 26.60438 26.71993 26.84128
109.04864 108.61695 108.59702 108.54288 1083529
180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
16 17 18 19 20
-267.18731-267.18750-267.18767-28678P-267.18794

1.10737
1.23021
1.44857
1.08345
1.35899
1.08656
2.78000
0.94000

1.10720
1.23063
1.44790
1.08333
1.35921
1.08657
2.76000
0.94000

1.10702
1.23107
1.44722
1.08321
1.35945
1.08659
2.74000
0.94000

1.10684
1.23153
1.44652
1.08309
1.35971
1.08661
2.72000
0.94000

1.10666
1.23200
1.44581
1.08297
1.35999
1.08663
2.70000
0.94000

119.19825 119.21157 119.22403 119.23570 1192466
124.95744 124.79144 124.62519 124.45823 1242903
118.62333 118.79981 118.97797 119.15563 1196323
123.01612 122.66908 122.32316 121.97845 121B349
121.87545 121.97438 122.07269 122.16985 1222656
26.95904 27.07553 27.19155 27.30721 27.42243
108.38653 108.32868 108.27424 108.22165 1083708
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
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D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3
D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3

180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000

21

22

23

24

25

-267.18804-267.18810-267.18947-2893B-267.18926

1.10647
1.23249
1.44509
1.08284
1.36028
1.08665
2.68000
0.94000

1.10628
1.23298
1.44435
1.08272
1.36059
1.08668
2.66000
0.94000

1.10606
1.23397
1.44344
1.08267
1.36147
1.08693
2.66000
0.96000

1.10625
1.23346
1.44420
1.08280
1.36113
1.08690
2.68000
0.96000

1.10645
1.23295
1.44494
1.08292
1.36079
1.08688
2.70000
0.96000

119.25710 119.26709 119.17509 119.16602 11994559
124.12154 123.95173 124.01171 124.17897 124(B453
119.50823 119.68336 119.68041 119.49970 11918163
121.29251 120.95131 120.94098 121.28218 1215252
122.36007 122.45309 122.41883 122.31996 1222275
27.53719 27.65148 27.62184 27.51023 27.39749
108.12205 108.07565 107.58051 107.62809 1076812
180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
26 27 28 29 30
-267.18911-267.18894-267.18874-2835B-267.18829

1.10664
1.23245
1.44569
1.08305
1.36048
1.08685
2.72000
0.96000

1.10683
1.23195
1.44642
1.08317
1.36019
1.08683
2.74000
0.96000

1.10701
1.23147
1.44714
1.08329
1.35992
1.08681
2.76000
0.96000

1.10719
1.23101
1.44784
1.08342
1.35966
1.08679
2.78000
0.96000

1.10737
1.23056
1.44854
1.08354
1.35942
1.08677
2.80000
0.96000

119.14781 119.13929 119.13003 119.11993 1193089
124.51149 124.67737 124.84249 125.00679 1251703
119.13933 118.96356 118.78745 118.61058 11861329
121.96813 122.31172 122.65641 123.00226 1233492
122.13323 122.03831 121.94218 121.84473 1219459
27.28385 27.16955 27.05472 26.93941 26.82361
107.73795 107.79725 107.85854 107.92157 1079861
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
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D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3
D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3

180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000

31

32

33

34

35

-267.18804-267.18777-267.18749-2879D-267.18820

1.10754
1.23012
1.44923
1.08366
1.35920
1.08676
2.82000
0.96000

1.10770
1.22969
1.44991
1.08378
1.35899
1.08674
2.84000
0.96000

1.10787
1.22928
1.45058
1.08390
1.35880
1.08673
2.86000
0.96000

1.10770
1.23004
1.44991
1.08387
1.35943
1.08695
2.86000
0.98000

1.10754
1.23046
1.44922
1.08375
1.35964
1.08697
2.84000
0.98000

119.09711 119.08445 119.07104 118.99724 1199089
125.33315 125.49541 125.65716 125.70693 12546422
118.25463 118.07560 117.89585 117.89374 1189694
123.69735 124.04657 124.39691 124.37933 1248268
121.64607 121.54506 121.44303 121.41876 121%$138
26.70733 26.59057 26.47334 26.45486 26.57420
108.05220 108.11938 108.18752 107.73059 10746534
180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
36 37 38 39 40
-267.18849-267.18877-267.18903-28921/-267.18949

1.10737
1.23093
1.44851
1.08362
1.35987
1.08699
2.82000
0.98000

1.10719
1.23140
1.44778
1.08350
1.36013
1.08701
2.80000
0.98000

1.10700
1.23189
1.44705
1.08337
1.36040
1.08704
2.78000
0.98000

1.10681
1.23240
1.44631
1.08325
1.36069
1.08706
2.76000
0.98000

1.10661
1.23291
1.44555
1.08312
1.36100
1.08708
2.74000
0.98000

119.01787 119.02640 119.03405 119.04086 1199468
125.38479 125.22362 125.06168 124.89876 12417349
118.24032 118.41797 118.59533 118.77174 1188471
123.68377 123.33691 122.99086 122.64589 1223021
121.61535 121.71354 121.81049 121.90602 1224000
26.68797 26.80322 26.91776 27.03166 27.14499
107.57651 107.50357 107.43225 107.36263 1072947
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
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D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3
D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3

180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000

41

42

43

44

45

-267.18970-267.18987-267.19003-28016-267.19025

1.10641
1.23345
1.44478
1.08300
1.36133
1.08711
2.72000
0.98000

1.10621
1.23400
1.44400
1.08288
1.36168
1.08715
2.70000
0.98000

1.10599
1.23456
1.44320
1.08275
1.36204
1.08718
2.68000
0.98000

1.10578
1.23515
1.44238
1.08263
1.36243
1.08722
2.66000
0.98000

1.10553
1.23626
1.44138
1.08257
1.36341
1.08749
2.66000
1.00000

119.05204 119.05651 119.06034 119.06367 118.8582
124.57015 124.40444 124.23771 124.06989 1249325
119.12185 119.29584 119.46920 119.64193 11946234
121.95958 121.61823 121.27808 120.93913 1209331
122.09254 122.18350 122.27287 122.36060 1221161
27.25775 27.36993 27.48150 27.59246 27.55697
107.22893 107.16535 107.10438 107.04635 10606054
180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
46 47 48 49 50
-267.19009-267.18990-267.18969-28945-267.18920

1.10573
1.23573
1.44219
1.08271
1.36304
1.08746
2.68000
1.00000

1.10595
1.23513
1.44299
1.08283
1.36264
1.08742
2.70000
1.00000

1.10617
1.23453
1.44382
1.08295
1.36225
1.08738
2.72000
1.00000

1.10638
1.23395
1.44464
1.08308
1.36188
1.08735
2.74000
1.00000

1.10659
1.23339
1.44543
1.08320
1.36153
1.08732
2.76000
1.00000

118.95437 118.95074 118.94989 118.94835 118459
124.30135 124.46639 124.63110 124.79486 1240576
119.44515 119.27609 119.10290 118.92898 118(¥547
121.27364 121.61192 121.95222 122.29361 1228361
122.22251 122.13625 122.04811 121.95827 12138668
27.44853 27.33852 27.22808 27.11702 27.00527
106.57939 106.63724 106.70659 106.77870 1068532
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000
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D4
D5
D6

Eigenvalues
Bl
B2
B3
B4
B5
B6
B7
B8
Al
A2
A3
A4
A5
A6
A7
D1
D2
D3
D4
D5
D6

180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000
51 52 53 54 55
-267.18892-267.18864-267.18833-28301-267.18768
1.10679 1.10699 1.10718 1.10736 1.10754
1.23285 1.23232 1.23181 1.23132 1.23083
1.44621 1.44698 1.44773 1.44848 1.44921
1.08333 1.08345 1.08358 1.08370 1.08382
1.36120 1.36090 1.36061 1.36034 1.36009
1.08729 1.08726 1.08724 1.08722 1.08720
2.78000 2.80000 2.82000 2.84000 2.86000
1.00000 1.00000 1.00000 1.00000 1.00000
118.94252 118.93821 118.93297 118.92678 1188196
125.11955 125.28061 125.44087 125.60043 1256593
118.57994 118.40455 118.22849 118.05171 1178742
122.97995 123.32490 123.67103 124.01831 1243667
121.77385 121.67939 121.58350 121.48624 1218876
26.89285 26.77981 26.66615 26.55189 26.43705
106.92977 107.00817 107.08819 107.16961 1072521
180.00000 180.00000 180.00000 180.00000 180M0O00
180.00000 180.00000 180.00000 180.00000 180000
0.00000 0.00000 0.00000 0.00000 0.00000
180.00000 180.00000 180.00000 180.00000 180000
180.00000 180.00000 180.00000 180.00000 180M0O00
0.00000 0.00000 0.00000 0.00000 0.00000

115



Appendix B
Supplementary Material - Line Lists

The full sets of lines and combination differenaesed in the multi-state fitting (as
summarized in figure 4.9.1), as well as some assigines that were not used, are
available in a separate document hosted by theddsity of New Brunswick library at

"https://unbscholar.lib.unb.ca/islandora/object&ctimlare3A7951".
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