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Introduction

The rotational energy levels of a rigid body arenptetely determined by its three principal
moments of inertia. However, for many molecules simple rigid body approach is often
not sufficient, since there are effects like cdagal distortion, small amplitude motions (e.qg.
vibrations), and large amplitude motions which makeecessary to modify the simple rigid
rotor model. This thesis deals with investigatioms small molecules which exhibits
important type of large amplitude motions, interrahtion and nitrogen inversion tunneling,
by a combination of molecular beam Fourier tramsfomicrowave (MB-FTMW)

spectroscopy and quantum chemical calculations.

MB-FTMW spectroscopy is an excellent tool to studglecular structure and dynamics. By
this way a large number of molecules were invettjaThe classical method to determine
the molecular structure is isotopic substitutionicihwas applied for the first assignment of
almost every small molecule like hydrogen cyanidecNd cyanamid NH-CN?
diazomethane CiN=N,? formaldehydé:® to somewhat larger molecules like methdhol,
formamide’® ethanof glycol aldehyd”** etc. Sursprisingly, only very few simple esters,
ketones, and amines were among them, though tleeyeaay important class in chemistry.
This might be due to the fact that even small sstatones, and amines contain quite a large
number of atoms which makes them too big for ctatstructure determination by isotopic
substitution. Moreover, even under molecular beamditions usually several conformers
exist. For those molecules, conformers can be iitkahtoy comparing the experimental data
with quantum chemical calculations carried out gsihe programGaussian03? and
Gaussian09® package. Different methods like Mgller-Plessetyreation theory of second
order (MP2) and B3LYP density function of theoryddrasis sets were chosen and compared.
Frequency calculations were carried out in additionstructure optimizations. In many
molecules energy potential curve and energy pa@lkestirface were calculated to study the
interaction in the molecules. Theory to quantumnuical calculations has been reported in

many books (e.g. Cramé&) and papers (e.g. réf:*9 and therefore will not be repeated here.

The combination of microwave spectroscopy and gquanthemical calculations was a
successful method to assign the rotational speciitmsplittings due to internal rotation of
trans ethyl acetate (Chapter 1, publishedlirMol. Spectros257, 111 (2009)), allyl acetate
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(Chapter 2, published iNlol. Phys.108 763 (2010)), vinyl acetate (Chapter 3), isoprgpen
acetate (Chapter 4, publisheddnMol. Spectrosc264, 120 (2010)), and methyl propionate
(Chapter 5, submitted tMol. Phys.2012). In all cases structure optimization andrgyne
potential curve were carried out for identify thenformer. Two ketones, diethyl ketone
(Chapter 6, published i€hem. Phys. Chemi2, 1900 (2011)) and acetone (Chapter 7), were
also investigated. Here, the energy potential sedavere additionally calculated to study the

interaction between two equivalent internal metioybrs.

For assignment of molecules with nitrogen invergiomelling like diethyl amine (Chapter 8,
published inJ. Chem. Physl135 024310 (2011), doi:10.1063/1.3607992) and meténi
butyl amine (Chapter 9) only structure optimizatiamd frequency calculations were
necessary. In the case of triethyl amine (Chapglepaper in progress) many geometries can
be generated by rotating the three ethyl groupsn@um chemical calculations turned out to
be very helpful to determine the possible stabl&ammners and carried out an orientation for

the spectrum assignment.

Experimental setup

All spectra used throughout this thesis were rembnasing two MB-FTMW spectrometers in
the frequency ranges 4 to 26.5 GHz and 26.5 to 9. Ghey are modified versions of those
described in ref:"*® and ref!®, respectively. All substances were obtained frorard¥
Schuchardt OHG, Hohenbrunn, Germany, and used wtitifiarther purification. A gas
mixture containing 1% substance in helium at al tptassure of 100 to 200 hPa was used
throughout. We have chosen helium as a carriebgesause the cooling is not as effective as
with argon or neon and therefore also highkvels can still be observed.

The spectrometers can be operated in two differedes, the high resolution mode and the
scan mode. In the high resolution mode all lines split into doublets due to the Doppler
effect. The molecular transition frequency is tleater frequency. The splitting depends on
both, the center frequency and the velocity ofrtf@ecular beam. In the scan mode a series
of overlapping spectra taken in the high resolutitode are automatically recorded and only
the presence of lines is indicated in a broad Iszad.
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A. Internal rotation

Introduction

Internal rotation is a large amplitude motion whare internal rotor, e.g. a methyl group,
rotates with respect to the rest of the moleculssially denoted as the frame. The internal
rotor can be symmetric or asymmetric and the toadipotential can have different numbers
of equivalent minima. Most frequent are methyl greattached to an asymmetric frame for
which a threefold potential is fourldThe height of the potential barrier varies in deviange
depending on the rotor and the frame. The quantuemaal prediction of torsional barriers
is even with modern methods still difficult and eximental results are important for

benchmark calculations.

The structure of methand;H3;OH, a very important molecule in chemistry and stdy has
been determined by Hughes, Good, and Coles alii@ati9512 but the internal rotation was
reported for the first time 17 years later by Lard Bakef The results were improved by De
Lucia et al. in 1989.In contrast, the barrier to internal rotation df90 + 40 cal/mol
(398(14) cn) in acetaldehydeCHsCHO, was given for the first time already in 1956Lbn
and Kilb> The analysis was improved by Baufletjang, and Maes et &.A further
molecule, methyl formate, HCGZMH3, has been measured for the first time in 1959 by C
in the microwave regiohThe barrier to internal rotation of the methyl gpovas determined
to be \4 = 416(14) crt. Thereafter, the spectral analysis has been ingprby investigations
of Plummer:® Demaisor Oesterling'®> and Oka et a® The methyl group of acetic acid,
CH3COOH, an isomer of methyl formate, also shows mgkrotation**> The barrier of
497 cal/mol (174 cf) has been determined by Tabbrin 1957 and was improved by
Krischer and Saegebarth to be 168.16(17}.thBome larger molecules with methyl internal
rotation like ethyl methyl ether, Bs—O-CH3'®'° ethyl methyl ketoné®*
C,Hs—(C=0)-CHs, methyl vinyl ketoné**®* CH,=CH-(C=0O)-CHs;, m-cresof*
CHs—CsH4—OH, andcis N-methyl formamideCH3;~NH-CHO?2° have also been investigated.
Several molecules with two methyl internal rotake lacetone (for details see Chapter 7),
dimethyl ethef®?” and methyl acetate were also studied very extelysifhe barrier to
internal rotation of two equivalent methyl groupsdimethyl ether was reported by Lutz and
Dreizler to be 2545 cal/mol (890 €’ which is similar to the barrier found in ethyl gt
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ether'® Methyl acetateCH3;—COO-CHs, is the smallest acetate which was investigated fo
the first time by Sheridan and Bautfeand reanalyzed by Tudorie et?aThe barrier of
422.148(55) cit of the methoxy methyl groud is in reasonable agreement with the barrier
found for the methyl group in methyl formate. A femolecules with more than two methyl
internal  rotors such as trimethyl silyl iodide,CH3)sSil,>° or mesityl oxide,
CH3—(C=0)-CH=C(CH3),,*" have also been studied.

Many internal rotors are asymmetric. A typical exdenis the primary amino group —NH
The spectrum of ethyl amine has been analyzed sghEr and Botskor first for thieans
conformer in 19837 later also for thgauchconformer®® An appropriate program had been
developed for fitting the spectrum of this moleculde water molecule can also be an
interesting asymmetric rotor. It plays this roleancouple of complexes like water—carbon

oxide* phenol-water? and quinuclidine—watéef.

The smaller the barrier to internal rotation, tlaeger the splittings in the spectrum are.
Knowledge about internal rotation is essentialtfer assignment of spectra in astrophysics.
Many small molecules have been detected in spat@dot of them show internal rotation.
Most identifications of molecules in space wereedasn recording the spectra in the
laboratory and observations of interstellar surdgysneans of microwave, milimeterwave or
submilimeterwave telescopes. For example, methlaaslbeen found in Orion A by Lovas
et al*” Acetaldehyde was detected for the first time im B3 and then in the cold dust
cloud TMC-1 and L134N? The first detection of interstellar acetic acidswaarried out by
Mehringer et af® In 1975, Churchwell and Winnerwisser reported lendetection of the AE
doublet of the % « 1,1 transition of methyl formate in Sgr B2.This molecule was also
found in Orion-KL besides methanol, dimethyl etharetonitril, et¢? Larger molecules like

ethyl methyl ether (in the hot core region W5122and aceton& have also been detected.

In this thesis only internal rotation ofs{Csymmetric methyl groups in different molecular
systems are investigated. For an one-rotor mole@lleotational lines split into A and E
components. In the case of two internal rotors,Alspecies splits into doublets, which will
be called the AA-AE doublet, and the E species inpdets, called the EA-EE-EE* triplets. It
should be noted that within the local mode symmietiog!l™;I", the first letted ; is associated
with the lower torsional barrier, while, belongs to the higher barrier. For molecules with
two equivalent rotors, AA-AE-EE-EE* quartets arisethe spectrum, since the AE and EA
species are degenerated (see FigufeHjlled circles in Figure | symbolize the non-ranat

states and round arrows the rotating states.
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/— ™~ N\ EE
E < 2%a

EE —
~ o EA :
e 7\ AE
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e o AA -
1 rotor 2 rotors 2 equivalent rotors

FIG. | Splittings due to internal rotation in thetational spectrum of molecules with one rotor, two

non-equivalent rotors or two equivalent rotors.

Several programs have been developed to treahaltestation. A widely used program for
fitting spectra with splittings due to symmetrictamal rotors is XIAM developed by
Hartwig’® The XIAM code uses the Internal Axis Method (IAMhd can fit rotational
spectra of molecules with up to three internal i@tdlany molecular parameters such as the
rotational and centrifugal distortion constantg Wy and higher potential terms, the angles
which determine the internal rotor axis within firéncipal axis system, the moment of inertia
of the internal rotor as well as some top-top kinahd potential coupling terms likg &V,

and Vs can be fitted. Moreover, nuclear quadrupole irtigoa of up to one coupling nucleus
can be treated in a first order approximation. Thisufficient to fit the hyperfine structure of

nuclei with relatively small quadrupole momentsN.

Within the XIAM code the internal rotation probleisi set up in the principal axis system.
Subsequently, the Hamiltonian matrix is transfornm¢d individual rho axis systems for each
internal rotor in order to eliminate Coriolis coig terms. In the rho axis system the
eigenvalues are conveniently calculated in the yebdasis of symmetric top functions for
the overall rotation and planar rotor functionsttog torsion. Finally, the eigenvalue matrix is

transformed back to the principal axis system.

Since XIAM is very user-friendly and extremely faste to suitable basis transformations and

matrix factorizatiort’

it became one of the most used program for fitting rotational
spectra of many molecules with internal rotatioom® of them are 2-methyl thiazdfe,
methanol dimef? trans-2-epoxybutar®®, and recently assigned molecules like cyclopropyl

methyl silane’’ o-fluorotoluene? o-tolunitrile>® o- andm-toluidine®* etc. This program has
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been used throughout the internal rotation pathisfthesis to fit the microwave spectra of all

investigated molecules.

A further program which is also well-known for ttieg internal rotation problems is BELGI,
written by Kleiner et al. BELGI exists currently BELGI-Csfor molecules with orf@ or two
internal rotors of §, symmetr?® and a G frame symmetry and BELGI-Gor one rotor and a
C. frame symmetry®>’ BELGI can fit rotational transitions witdnax = 30, up to two
vibrational states, and up to 80 parameters foh edlorational state. BELGI-£has been
extensively tested with acetaldehydé? Later, other molecules like acetic acfd&* and**C-
methyl formate (HCOO®=CH;)% were also fitted using this program. The BELGHZops
code has been recently tested on methyl acetafelike XIAM, BELGI uses the rho-axis
system method (RAM). It does not treat nuclear quale coupling. Some comparative

studies of both programs have been carried ouimiliis thesis.

Program Erham, written by Gron®ris another program which is often used to fit tiotzal
spectra of molecules with one or two internal retop toJmax = 120. In contrast to XIAM and
BELGI, the internal rotors are not restricted t§ €/mmetric. The frame symmetry can be C
or C, for single rotors or non-equivalent rotors ang G,, or Gs for equivalent rotors. Erham
sets up and solves &ffective RotationalHAM iltonian’ Therefore, the physical meaning of
the fitted parameters is less clear than in therathho programs. Like XIAM, Erham is very
fast and fitting even a big data set takes onlgva $econds. The transition frequencies can be
usually fitted close to experimental accuracy. Heeveit is difficult to extract the rotational
barrier. Dimethyl ether has been the first mole¢hbd was fitted using this program, first by
Gronef* and then by Endres et%lAcetone is another molecule with two equivalemginal
rotors which was studied very extensively with Enh@or details see Chapter 7). Erham has
also been used to fit the spectra of many molecul#gs only one rotor like methyl

carbamaté&® pyruvic acid®” methyl formaté® and pyruvonitrile®®

This chapter deals with studies on small but imgdricarbonyl compounds like esters and
ketones showing internal rotation. At the beginniagetates with one internal rotor, the
acetyl methyl group, and different frame symmet®revinvestigated. We started with ethyl
acetate, one of the smallest saturated acetatésgssigned th#ans Cs conformer including
the internal rotation of the acetyl methyl grouperél the frame hassGymmetry. In a next
step, the microwave spectra of two unsaturatedsgstenyl acetate and allyl acetate, were

measured. Several molecules with two internal soliae isopropenyl acetate (non-equivalent
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Cq: ethyl acetate,

One rotor vinyl acetate

C,: allyl acetate

C,: isopropenyl

Molecules with acetate
Two rotors

internal rotation

Cg: methyl

propionate

Two equivalent C,,: acetone,

rotors diethyl ketone

FIG. 1l Molecules with one or two (n~equivalent or equivalent) internal rotors and d#fe frame

symmetry investigated in this thes

rotors, G frame symmetry), methyl propionate (1-equivalent rotors, £frame symmetry),
diethyl ketone, and acetone (equivalent rotol, frame symmetry)ere investigated. Tt
concept is given in Figure.llThree we-known internal rotation programs XIAM, BELC
and Erham were used to fit the microwave spectthaxe molecules for comparative stuc
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Chapter 1

ETHYL ACETATE

One rotor and Cs frame symmetry

1. Introduction

Ethyl acetate, Cl+COO-CH-CHjs, is a widely used solvent and it is also abundamany
fruits contributing to their odors. From a chemipaint of view it is a small aliphatic ester,
obtained by condensation of ethanol and acetic adihg some acid as a catalyst.
Surprisingly, to our knowledge only one electrofirdction study deals with the structure of

this important molecule in the gas phase and noawave studies have been reported.

Sugino et al. suggested that ethyl acetate exists in two cordesmthetrans conformer
which has G symmetry with all heavy atoms being located witthie mirror plane, and a
gaucheconformer with @ symmetry. Both conformers are shown in Figure &refthe

microwave studies on theans conformer will be reported.

Ethyl acetate has two methyl groups that could shmt@rnal rotation. For the acetyl methyl
group, we expected a low barrier to internal rotatbn the order of 100 c¢hsimilar to the
barrier of 99.559(83) cthfound in methyl acetateFor the ethyl methyl group, the barrier
was expected to be considerably higher, on therastl@000 cmi, as found for the ethyl
methyl group in ethyl fluoride (1171.3(14) &)

The motivation for this work was predominantly timerest in accurate internal rotation
parameters of the acetyl methyl group. A furthertimabion was a comparison of two
different computer programs, BELGIls@nd XIAM. Both of them treat internal rotation
effects in rotational spectra using the rho axisho@ (RAM) and the combined axis method

(CAM), respectively.

2. Quantum chemistry

In order to get rotational constants and also tigeeabetween the internal rotor axis andahe
axis as starting values for assigning the spetttemretical calculations were carried out at the

workstation cluster of the Center for Computing &ammunication at the RWTH Aachen
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FIG. 1 Thetrans (left-hand side) andaucheconformers (right-hand side) of ethyl acetate.

University using the program packa@aussian03In all cases a fully optimized structure
was obtained. Also the dipole moment component® watculated to get an impression of

the relative strength @&-, b-, andc-type transitions.

At first we focused our calculations on tinans conformer to compare the results of DFT and
MP2 calculations with various basis sets. From far@FT studies given by Nagy et“awo
stable conformers of ethyl acetate were known. Qaiculations with different start
geometries and full relaxation of all structuralrgraeters yielded three conformers. The
results are summarized in Table 1. The nucleardioates in the principal axes system of all
conformers calculated at the MP2/6-311++G(d,p) ll@re given in the Appendix in Table
A-1.

The cis conformer has an energy of about 33 kJ/mol (reteio the calculations at the
MP2/6-311++G(d,p) level) above theans conformer and appears unlikely to be visible
under molecular beam conditions. Therefore we aalycentrate on th&rans and gauche
ester. It should be considered that the torsiomadef constant of the GB-C bond is quite
low and sometimes a rotation of both molecule fragta around this bond still improves the
rotational constants. Therefore, we decided toutalle a potential curve of ethyl acetate by
freezing the dihedral angle = [(C4, Ci, Og, C) at certain fixed values while all other
parameters were optimized. In this case we cakdlat half rotation of 180° (due to the
symmetry) with a 10° step width. The curve was peized. The corresponding potential
curve is shown in Figure 2, the Fourier coefficgeate given in Table 2. This potential curve
has two minima, which confirm that only two staklenformers, thdrans (p = 0°) and the
gaucheconformer ¢ = £100°), exist. These conformers have almoststmme stabilization
energy value. The energy difference is only abobitkd/mol. Therefore, both of them should
be present in the microwave spectrum. Anothens Cs configuration atp = 180° represents

a maximum in the potential curve.
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Table 1
Rotational constants (in GHz), dipole moments (ebik), and stabilization energies of ethyl acetate

(trans andgaucheconformer) obtained by DFT and MP2 methods udiegaussianO3ackage.

Nr. Method / Basis set E / Hartree A B C W Hp He
transconformer
1 B3LYP/6-31++G(d,p) -—-307.7324997 8.3797 2.06861227 1.189 1.794 0.000
2 B3LYP/6-311++G(d,p)-307.8042029 8.4184 2.0738 1.7172 1.16535 0.000
3 B3LYP/cc-PVTZ -307.8287645 8.4576 2.0827 1.724874 1.699 0.000
4 MP2/6-311G(d,p) —306.9328341 8.3958 2.1069 1.730897 1.846 0.000
5 MP2/6-311++G(d,p) —306.9455003 8.3907 2.0994 3073.986 1.934 0.000
6 MP2/cc-PVTZ —-306.9893138 8.4491 2.1134 1.74523[®.2.919 0.000
gaucheconformer

B3LYP/6-311++G(d,p)-307.8035757 7.3909 2.2752 2.0174 0.61793 0.131
MP2/6-311++G(d,p)  —306.9453084 7.2396 2.3602 30D08.339 1.925 0.308

cisconformer
9 B3LYP/6-311++G(d,p)-307.7920838 7.9554 2.0946 1.7113 2.63339 0.000
10 MP2/6-311++G(d,p) —306.9328339 7.9442 2.11842697 2.834 4.411 0.001

0 N

Table 2

Potential functions for the rotation around theedital anglep = 0(C,4, C;, Gg, Cg). Energies were calculated in a

15
10° grid and parametrized as a Fourier se¥iég) =a, + Zai cos(ip) . The Fourier coefficients are given for
i=1

the MP2/6-311++G(d,p) level of theory.

a / Hartree
-306.942052098
—-0.004431972
0.002959686
—-0.002017752
—0.000077978
0.000145391
0.000003748
—0.000065279
0.000036275
—0.000001937
10 0.000003161
11 —-0.000007544
12 0.000008470
13 —0.000005678
14 0.000004814
15 —0.000004089

©Ooo~NOoOUlTh~ WNPEP O™
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FIG. 2 The potential curve of ethyl acetate obtdibg rotating the ethyl group. The relative energy

with respect to the lowest energgns conformer (E =306.9455003 Hartree) is given.

3. Microwave spectrum
3.1. Spectral assignment

All spectra were recorded using two MB-FTMW spegteters described in ref:*® and
ref.'® in the experimental setup section. At the begigrifi our measurements broadband
scans in the frequency range from 10.0 to 11.9 @#e carried out. In total 65 lines were
found. Many of them were quite strong. All linesrese@emeasured in the high resolution
mode and almost all of them were broadened, sams Were clearly split by up to some 100
kHz. A typical spectrum is shown in Figure 3. Timstrumental resolution was 0.8 kHz,
typical experimental line width 12 kHz.

In ethyl acetate the rotational lines are split tuéwo large amplitude motions, the internal
rotation of the acetyl methyl group and the ethgtimyl group. For the acetyl methyl group
we assumed the barrier to internal rotation tolb®st the same as Sheridan et fdund for
the acetyl methyl group in methyl acetate, whict9$559(83) crit. This is a rather low
barrier and we expected very large A-E splittingsif a few MHz to a few GHz, depending

on the respective transition.
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The internal rotation of the ethyl methyl group shicbe comparable to that in ethyl fluoride
and ethyl chloridé,where a barrier of 1171.3(14) ¢nand 1260(4) ci, respectively, was
found. This would cause only broadened lines orawarsplittings for those transitions

observable in the molecular beam and it explaiadbtivadened and split lines we observed.

At first we tried to assign the A species spectieierred to the acetyl methyl group) by
treating it as an effective rigid rotor spectrumhefefore, we used rotational constants
obtained from quantum chemical calculations on otemilevels of theory for thérans
conformer (see Table 1). By trial and error somtype R branch transitions of th&ans
conformer could be identified yielding the B anddfational constants. Later, sointype Q
branch transitions were assigned and also the Atanhwas fixed. This enabled us to predict
the whole rigid rotor spectrum with sufficient acacy to find all remaining A species lines
and, subsequently, to fit the (effective) quargmirifugal distortion constants. The standard
deviation after fitting 60 A species transitionssw&a kHz, which is almost our experimental
accuracy. It should be noted that despite an iertsearch ne-type transitions were found,
which means that thedipole moment component is near zero and whichircos that we

indeed observed thieansconformer with a mirror plane perpendicular to threis.

In a next step we predicted both, the A and E ggetansitions (referred to the acetyl methyl
group) using the program XIAM. The barrier was tai®m methyl acetateapproximately
100 cm. The angle between the internal rotor axis andirketial a axis were calculated
from the optimizedab initio geometry on the MP2/6-311++G(d,p) level to be appnately
45°. The start value of the inertia of the methygdup was chosen to be 3.2 {Avhich we
considered to be a reasonable value found in maosigaules where methyl internal rotation
has been analyzed. The predicted spectrum wa®se elgreement with lines we observed in
our scan. The assignment was straight forwardifenitype R branch transitions, where the
A-E splittings were only on the order of 10 to 1@6iz. The assignment di-type Q branch
lines, split by a few 100 MHz up to a few GHz, wasre difficult. Here, the search for lines
which form closed cycles in the energy level diagrtarned out to be very helpful. Finally,
60 A species and 66 E species lines could be ass$igind fitted with the program XIAM to a
standard deviation of 18.5 kHz (see Fit | in TaBJeIn a second fit with XIAM (Fit Il in
Table 3) the internal rotation parameters weredfitccethe values obtained from Fit | and only
the A species lines were fitted to a standard dieviaof 2.8 kHz, which is close to the
experimental accuracy. The same data set was &tiath with the program BELGIglising
the Rho Axis Method (RAM) with 15 parameters to exmental accuracy with a standard
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FIG. 3 A typical spctrum of thetrans conformer of ethyl acetat&he experimental resolution w
0.8kHz, the typical experimental line width 12 kHziadicated in the spectrum. The large splittini
due to the Doppler effect. For this spectrum 22sFN@&re c-added.

deviation of only 2.3 kHz (Fit Ill, Table 3). Lexelp toJ = 19 andK,= 4 were included i
the fit. Fit results are given in Table 3 and 4. A complisteof all fitted transitions is found i
the Appendix (Table A and £-3).

The internal rotation of the ethyl methyl group sesithe A species lines of the acetyl me
group to split into doubletsoi,0,> =|0,0>, |0,£1>) and the E species lines into trip
(1¥1,0>, |+1,£1> |+171>). Herg, the torsional states are labeled by the torsioyrahsetries

o, ando, of group | and If Sample calculations with XIAM have shown that thétsngs of
the A species lines are usually too narrow to esolved. Howeverthe E species lines
some selected transitions were split by up to 8@. ktypical splitting is shown in Figure

With the splittings observed for 9 E species and Anspecies transitions and keeping
other parameters fixed weund the barrier of the ethyl methyl group to bs= 1061.4(68)
cm’. Here, the angle between the internal rotor amistae principaa andb axis were first
taken from theab initio geometry on the MP2-311++G(d,p) level and fitted to t((i,a) =

155.9(38)° andd(i,b) = 65.9(38)°. All fitted transitions are given ihable A-4 in the
Appendix.
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12512.0876 MHz
|+1,0>
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12512.0635 MHz
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' —I 11 ,+1>

1251.1 930 12512.085 12512.24(I) MHz

FIG. 4 The 3« 2;; E specie transition oftrans ethyl acetateThe splitting is due to the interr

rotation of theethyl methyl grou. Doppler splittings are indicated by brackets.

3.2. The XIAM and the BELGI-Cs codes

The microwave spectrum of ethyl acetate has beeatyzed by means of two differe
programs, XIAM and BELGECs. XIAM sets p the Hamiltonian in the principal axis syst
of the entire molecule. The internal rotation op@raf each top is set up in its own rho a
system and after diagonalization, the resultingmglues are transformed (rotated) into
principal axis sgtem. Only centrifugal distortion constants, but mgher order couplin
terms between internal rotation and overall rotaice implemented. A global fit of A and
species transitions is possible (Fit I, Table 3pwdver, in cases with rather low tiers E
species transitions are not satisfactorily predictéhe standard deviation is 1 kHz, much
larger than our experimental accuracy. The sitnat@n be improved by fitting the A spec
transitions separately, whereas all parameterfixae to the values obtained from the glol
fit. This method significantly reduces the uncettigis in the fit (Fill, Table 3), howevelr
only the A species lines could be fitted within theerimental accurac

As an alternative, a global fit with BEL-Cs was carried out. In this program the calculati
are carried out in the rho axes system (also edeirr the literature often as RAM for “rt

axis method”), and all parameters obtained in tharke referred to this axes system. -

17
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method based on the work of Kirtmamees and Baket,and Herbst et dl.takes its name
from the choice of the axis system, the rho axstesy, which is related to the principal axis
system by a rotation chosen to eliminate the y@BPand —2FEpyJ, coupling terms in the
kinetic energy operator where F is the internahtion constant, Pis the internal angular
momentum,Jy and Jy are the usual x and y components of the globaltiost angular
momentum, ang is a vector that expresses the coupling betweeratigular momentum of
the internal rotation Pand the global rotatiod. Unlike XIAM, BELGI-Cs which was used
successfully to describe the spectra for interaedrs with very low internal rotation barriers
(Vs O 25 cm') such as acetamid® and also for peptide mimetics such as the
ethylacetamidoacetate molecland the N-acetyl alanine methyl estegllows for fitting
many higher order terms not only in the total anguhomentumJ, but also in the angular
momentum of the internal rot®, and in cross-terms between them. BELGIuSes a two-
step diagonalisation procedure in which the fitepss the diagonalisation of the torsional
Hamiltonian consisting of the one dimensional po&trfunction V{) together with a torsion-
rotation kinetic operator diagonal K the rotational quantum number. A first set okional
calculations, one for eacK values, is carried out using a 21 x 21 torsionaid set
|K vi 0> = exp[i(3k+o)y] where v is the principal torsional quantum number and lams
integer running from —10 to +10 for BELGIsG~or XIAM this indices k runs from —15 to 15.
This basis is then reduced by discarding all baetrime lowest torsional eigenfunctions for
eachK. Finally the torsional eigenfunctions are mulgpliby the symmetric top rotational
function JJ, K, M> to form a basis set which is then used to dialipman the second step, the
zeroth-order asymmetric rotor terms and higher otelens in the Hamiltonian.

In order to compare the results from BELG+@ferring to a rho axes system with the more
usual constants given in a principal axis systemmes transformations can be madeah
Bravw Craw, @nd DRy are proportional to the elements of the inversertia tensor.
Diagonalizing it by rotation around tleeaxis by an angl@gram yields the PAM constants A
and B:

A = %(A RAM + BRAM + \/(A RAM BRAM)2 +4D§b) (1)

B

%(ARAM + Bgraw _\/(A RAM BRAM)2 +4D521b) (2)

with
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2Dab
(ARAM - BRAM) .

tan(De,y) = 3

For thetrans ethyl acetate molecule this is 13°.

The centrifugal distortion constant;as the same meaning in both coordinate systems,

because th@* operator is invariant under rotation.

To determine the rotational constagtdf the internal rotor, we start with the definrtiof the

5 vector p=(0,,0,,0.). Its elements are defined by

Al Ayl Al
L Py =, pe= (4)

la Ib Ic

Pa =

where }, Iy, Ic are the principal moments of inertia of the entm@lecule and,lis the moment
of inertia of the internal rotoiA,, Ap, Ac are the direction cosines between the internalr rot

axis and the principal axesb, ¢, with

AZ+AZ+AZ =1 (5)
The relations (4) may also be expressed with tepe@ive rotational constants A, B, C, and
Fo of the molecule and the internal rotor

AA . WB . AC
- y pb T = c .
I:0 FO FO

P, (6)

Note that in relation (6) above, the definitionFefis different from that of the “reduced’ F

given in Eq. (9) of ref**

2 2 2 2
F= with r=1-1,(Xe + 2o 4 Aoy
2rl T

Y a c

The length of the vectog is given by

p=Aoi+pi+pl. 0
In our caseh, =0, and with (5), (6), and (7) we obtain

P°F =)\2(A* -B?) +PB°. (8)

Thea component ofg is available from
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Ps = PCODay ©)
and with (6) we find

Fp
A, =02 10
T (10)
The system of equations (8) and (10) may be sdlvetkeld

F, = > (12)

A?-B?
P\/l_ A2 COSOay

and

22 2
_|pPR-B
Ay = ﬁ- (12)

From (11) and (12) the angle between the intemtak raxis and the inertia axis is obtained
by

[I(i,a) =arccos, . (13)

All results, obtained with XIAM, BELGI-g and by theoretical calculations, referred to the

principal axis system, are summarized in Table 3.

4. Results and discussion

The standard deviation is in the same order forAttspecies for both programs, XIAM (see
Fit Il in Table 3) and BELGI-g, but it is much smaller for the E species in theff BELGI-

Cs (Fit I and Fit 11l in Table 3). Therefore the pretive power of BELGI-G is much better
than XIAM. However, for assignment purposes XIAMrissome aspects more convenient to

use since it is somewhat faster than BELGI-C

The torsional barrier determined for the acetyl hyktrotor is 99.57(11) cth using
BELGI-Cs and 97.7844(45) cthusing XIAM. These differences are within a few qamnt.
The discrepancies are, however, larger than thedatd deviation of the parameters by one
order of magnitude and are likely a result of systtc errors in the models. The differences
between the methyl rotor angles are only aboutl0.@Y comparing the two methods. Also
the agreement with the theoretical results allow€dnclude, that we indeed observed the
trans conformer of ethyl acetate.
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Molecular constants dfans ethyl acetate obtained with the program XIAM andparison with

results of the program BELGIg&nd quantum chemical calculations.

b

Para- Unit Fit | Fit Il Fit 1M1 Calc.
meter XIAM XIAM BELGI-Cs
A GHz  8.4491579(34) 8.44915544(55)  8.41174(28) 8.391
B GHz  2.0923861(26) 2.09238732(10)  2.094799(70) 2.099
C GHz  1.7330504(16) 1.733050895(87) 1.734069(58) 1.734
Ay kHz 0.1827(26) 0.18940(65)
Ak kHz 1.288(24) 1.2548 (40)
Ak kHz 9.73(38) 9.740 (60)
S kHz 0.0390(13) 0.04181(25)
3k kHz 0.771(67) 0.652(13)
Dpiz kHz 200.71(36) 200.71 (fixed)
Dpiz- kHz 114.52(22) 114.52 (fixed)
Vs GHz  2931.50(14) 2931.50 (fixed)  2984.9(30)

kJ/mol 1.169762(54) 1.1910(12§

cm'  97.7844 (45) 99.57(16)
Fo GHz  153.5445(70) 153.5445 (fixed)  159.98(13)
ly uA?  3.29142(15) 3.29142 (fixed)  3.1590(25)
OG,a)  ° 43.0647(5) 43.0647 (fixed)  43.0537(5) 44.75
dG,b)  ° 46.9353(5) 46.9353 (fixed)  46.9463(5) 45.24
a(,c) ° 90.00 (fixed) 90.00 (fixed) 90.00 (fixed) 90.00
s 8.182277 8.109929
o kHz 18.5 2.8 2.3
Na/Ng 60/66 60/0 60/66
Niot 126 60 126

All constants refer to the principal axis systear,the centrifugal distortion constants Watson’s2Auction and

a I' representations was used.

& Obtained by transformation from the rho axis syste the principal axis system, see text.
® Calculation on MP2/6-311++G(d,p) level usiBgussian03

¢ Hindering potential, calculated from value in faeqcy units.
¢ Moment of inertia,J of the internal rotor, calculated from its rotati constant F.

€ Calculated frond(i,b) = 90°- (i, a).
" Fixed due to symmetry.

B \YA
9 Reduced barriep = —=.
oF

For thetrans conformer, different methods and basis sets weexl.uBy comparison the

experimental rotational constants with the caladabnes (Figure 5), we found that the
calculated B and C constant matched quite well gkperimental constants in all cases,
especially at the MP2/6-311++G(d,p) level of the@rymber 6 in Figure 5). The A constant
depends strongly on the chosen method and basiShsebest agreement was achieved at the

cc-PVTZ basis set. However, the MP2 method yieldetler rotational constants than the
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Table 4
Molecular constants dfansethyl acetate obtained by a global fit using pangBELGI-Gs.

Operatof Constart Unit®  Value

P.’ A GHz 8.08735(41)
Py’ B GHz 2.419190(32)
P’ C GHz 1.73406873(89)
{Pa,Po} Dar GHz —1.394249(60)
- D, kHz 0.1812(5)
—PP.? Dik kHz —0.349(17)
—2P(Py*-PH) 3; kHz 0.0372(1)

P’ F GHz 163.58(13)
(1/2)(1-cos$) Vs GHz 2984.9(30)
PP, P unitless  0.039446(19)
PP, kq MHz  -0.2110(31)
(1-cos3)P.? Ks MHz 114.6(12)
(1-cos3)P? Fv MHz  -3.531(45)
(1-cos3)(P,~P?) C MHz  -1.781(45)
(1-cos3){Ps,P,}  Dat MHz  —6.69(17)

 All constants refer to a rho-axis system, therefiie inertia tensor is not diagonal and the comsteannot be
directly compared to those of a principal axis systR, R, P. are the components of the overall rotation
angular momentum,,fs the angular momentum of the internal rotortingparound the internal rotor axis by an
angley. {u,v} is the anti commutator uv + vu.

® The product of the parameter and operator fronivangrow yields the term actually used in the vitma-

rotation-torsion Hamiltonian, except for b, and A, which occur in the Hamiltonian in the foﬁfny—pPa)2
+ AP2

¢ Values of the parameters from the present fittiSieal uncertainties are shown as one standacértainty in
the last digit.

DFT method. Furthermore, it should be noted thatekperimental data are obtained from the
vibrational ground state. In contrast, the valuesnfGaussianO3are equilibrium data. The
assignment of thérans conformer is also supported by the absence-type transitions,
which indicates that a mirror plane perpendicubathiec axis is present. Finally, we can also
note that the fit achieved with BELGIsCwhich reproduced the experimental data within

experimental accuracy, did not required any ouplaf: type terms of symmetry,A

It should be noted, that with both, XIAM and BELG§; a strong correlation between ¥nd

ly is present which is due to the fact that only=\0 ground torsional state transitions are
included in the analysis. However, both programsveoged at almost the same \Ve can
compare the internal rotation parameters with thofséhe acetyl methyl group of methyl
acetat€. Here, \4 andl, are 99.559(83) cthand 3.2085(26) uA respectively. For ethyl
acetate we found 99.57(10) ¢rand 3.1590(25) u@ This is almost the same and there seems
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FIG. 5 Comparison of the calculated rotational constaAyy initior Bab initier @Nd Gy initic) at different
methods and basis sets (for the corresponding nusgaTable 1) with theexperimental rotation:
constants (Ap Bexp and Gy). The experimental rotational constants exatily calculated on

almost exactlypy calculation at thMP2/cc-PVTZ level.

to be no influence of the alkyl group in alkyl @steThis also hlds for bigger alkyl group

like in isoamyl acetatéand r-butyl acetaté®

The barrier of the ethyl methyl group is 1061.4(68™, which is quite close to the barrier
1260(4) cnt found in ethyl chlorid® and 1171.3(14) cthin ethyl fluoride® Therefore, we
conclude that a substitution from halogen atomsattonyl group does not affect the bar
to internal rotation of ethyl methyl groups sigoéntly. Further discussion will be report

later in Chapter 8.

Finally it should be mentioned thanly about 30% of all measured lines could be assic
The still unassigned lines might be due togaucheor other conformers, to excited torsio
states, and also due to other vibrational statdso Aome lines probably arise frc
isotopomeres of sing lines oftrans ethyl acetate. We will continue for a compl

assignment of the ethyl acetate spectrum in afméae
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5. Conclusion

The Fourier transform microwave spectrum of ethgetate has been measured under
molecular beam conditions. Tiwans conformer, where all heavy atoms are located wighi
mirror plane, was identified after analyzing theegpum by comparison with quantum
chemical results. The barrier to internal rotatadrthe acetyl methyl group was found to be
only 97.7844(45) cih by fitting with the program XIAM and 99.57(10) €musing the
program BELGI-G. The parameters obtained with both programs arere@sonable
agreement. The standard deviation is on the sader of 3 kHz for the A species, but for the
E species BELGI-gappears to be much better. Therefore, BELGh&s a better predictive
power, however, for assignment purposes XIAM is enoser-friendly and faster. For the
methyl torsion in the ethyl group a barrier of 18§68) cmi* was determined. A comparison
between two theoretical approaches treating thernat rotation, the so-called RAM (Rho-
Axis-Method) and CAM (Combine-Axis-Method), was foemed.
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Chapter 2

ALLYL ACETATE

One rotor and C; frame symmetry

1. Introduction

MB-FTMW spectroscopy is an excellent tool to stuthe structure and dynamics of
molecules in the gas phase. By this way a largebeuraf molecules has been investigated,
but surprisingly, as discussed in Chapter 1, omdgy\few esters were among them, though
they are a very important class of compounds immistey. This might be due to the fact that
even small esters contain quite a large numbertahs which makes them too big for
classical structure determination by isotopic stugsdtn. Moreover, even under molecular
beam conditions usually several conformers exig.tiiéd to identify conformers of esters by
comparing the experimental data with quantum chahaialculations and succeeded for some

aliphatic estersuch as ethyl acetate (see Chapter 1).

Among the esters allyl acetate, Gl O0O-CH-CH=CH,, is one of the smallest unsaturated
ester with an interesting dynamics. Our interestange amplitude motions motivated us to
investigate this molecule. The acetyl methyl grospows internal rotation. From
investigations on methyl acetdtewhere a barrier of the acetate methyl group of
99.559(83) cnit was observed, and from our studies on ethyl aeé@hapter 1), where we
found a barrier of 97.7844(45) émwe expected also in this case a rather low hinder
barrier on the order of 100 émThis could additionally increase the complexitytee spectra
and makes assignment difficult. On the other haadt@uld not exclude to observe a different

value since an interaction with the double bondeapgd possible.

Furthermore, our quantum chemical calculationslyhacetate, carried out before beginning
the experimental work, made us curious. A conformigh the ethylene group bent against
the plane containing the ester group was predigtedreas our intuition told us that all heavy
atoms should be located in a mirror plane. Forldtter geometry the theoretical calculations
predicted a local maximum in the potential. We expé that a microwave study would allow

us to decide which structure is the correct one.
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FIG. 1 A typical scan of allyl acets. The spectral range of 40 MHz was covered by ovpitag
spectra with a step width of 250 kHz. For eachlsimgeasure 50 FIDs were-added

2. Microwave spectrum

We started our investigations by recording broadbsrsans in the frequency range from

to 10.0 GHz using the MBTMW spectrometer described in r’*8in the experimente
setup section. Additionally, duri the process of spectral assignment some smallgesaor
the order of 100 to 200IHz were scanned. An example is given in Figurénltotal 274
lines were found, many of them were quite stront.liRes were remeasured in the hi
resolution mode of # spectrometer. The line width was approximate kHz. The line
positions can be determined with an accuracy kHz for strong lines and kHz for weaker

lines. A typical spectrum is shown in Figur:

At the beginning of our studies on allyl acetatee assumed that thes@onformer with a
symmetry plane (conformers, shown in Figur&) should exist and it should be the m
stable one. Taking this mirror plane as a congtraiquantum chemical calculations (see r
section), we predicted the roonal constants and tried to use them for assigive
spectrum. However, we found that the experimentdlthe theoretical spectra did not ma
at all. Without this constraint, usirthe progranGaussian03 fully optimized structurwith

the MP2 method and the3:1++G(d,p) basis set was obtained, where the mtiee vinyl
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A 4oy — 303
9627.2408 MHz
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L 1 |
9627.091 9627.240 9627.390 MHz

FIG. 2 A typical spectrum owallyl acetate.The experimental resolution was 0.8 kHz, the tyic
experimental line width 8 kHz as indicated in tipectrum. The large splitting is due to the Dopj

effect. For this spectrum 60 FIDs were-added.

group was bent by an angle of 121.57° against 8ter egroup (conformer I, shown
Figure4). We tried again to assign the spectrum with niegv rotational constants (s
Table 1) and succeededowever, the calculated and the experimental mtati constant
differed by up to 2.5 %. The origin of this will lbéscussed in section

We started the assignment with the lines of thepAcgs, which could be treated as
effective rigid rotor spectrum. On the basis of the rotai constants obtained by quant
chemical calculations we predicted the spectrunh Wit program XIAM. By trial and errc
the typical pattern of the-type <<« 3 R branch could be identified. Fitting these lineshv
XIAM vyielded already quite accurate B and C rotaibconstant, which were still improv
by including othera-type R branches. Finally, alsd-type Q branch transitions wel

identified, whch enabled us to fit the A constant as v

It should be noted that by our quantum chemicautations thec dipole moment compone
is predicted to be small but not zero. Therefoeewere surprised that rc-type transitions
could be found at all ithe scans. After the spectrum had been assignedese able tc
measure some-type transitions using polarizing pulses with a powf 1 or | W, whereas

for a- andb-type transitions a few mW turned out to be suffitieThe existence cc-type
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FIG. 3The planageometry (conformer § of allyl acetate

I vl

FIG. 4 The bent conformer (conformel) of allyl acetate from optimizatic at the
MP2/6-311++G(d,p) levelThe dihedral angel; = [0(Cy,, Ci1, Gg, O5) is 121.57%(see section ..

transitins proofs that no mirror plane is present withia donformer studied. It should al
be noted that the-type transitions were not split, which indicateattho tunneling of th
vinyl group through the plane of the ester groupuos on the time scald our experimentA
list of somec-type transitions is given in the Appendix (Tabl-1). The observeic-type

transitions were, however, very weak and we didmdtde them in our fits

In allyl acetate the rotational lines are split doenterna rotation of the acetyl methyl grou
which has a low barrier to internal rotation. Thws, expected very large-E splittings from
a few MHz up to 1 GHz or more, depending on theeetve transition. The E speci
transitions were predicted using thlIAM code. The barrier to internal rotation was assd
to be approximately 100 chas in ethyl acetate (Chapter 1) and also in metbgtate’ The
moment of inertia of the methyl group was first s to be 3.2 17, which we considered |
be a reasonablvalue found in many molecules with methyl intémraation. The angle
between the internal rotor axis and the principattial axes of the molecule were calcule
from theab initio geometry shown in Figure 4. Its Cartesian cooré®are found irthe

Appendix (Table B2). The angles are given in Tabl



Table 1

Molecular constants in the PAM system of allyl atetfrom different fits and quantum chemical cadtiohs.

ParameterUnit Fit | Fit 1l Fit 111 Calc. Exp- Calc. Exp-~ Dev.
BELGI-C; XIAM XIAM | @ Calc? IN Calc® [%]

A GHz  7.67929(30) 7.7034352(67) 7.70343360(35) 7.511 0.192.49 7.698  0.005 0.06

B GHz  1.2691224(98) 1.2678319(59) 1.267831492(71) 1.277 -0.0091 1.266  0.002 0.15

C GHz  1.14203856(61) 1.1415254(63) 1.141526125(76) 1.150 -0.0099 1.137  0.005 0.43

A kHz 0.1399(34) 0.13953(17)

Ak kHz —1.195(33) —1.1808(18)

Ak kHz 32.56(62) 32.337(32)

8; kHz 0.0045(24) 0.00246(13)

Sk kHz —0.41 (35) —0.392(18)

Dpio3 kHz 87.34(85) 87.34 (fixed)

Dypiz- kHz 47.89(93) 47.89 (fixed)

V3 GHz  2955.3(44) 2940.74(35) 2940 (T&ked)

kJ/mol 1.1793(18) 1.17345 (14)
cm'  98.58(15§ 98.093(12)

Fo GHz  158.621(82) 153.589(15) 153.5@9ed)

ly uA? 3.1861(17) 3.29046 (33) 3.29046 (fixed)

O(i,a) ° 44.45601(64) 44.4871(33) 44. 48Tfixed) 46.73 -2.24 4573 -1.24

0(i,b) ° 134.15842(61) 134.8143(57) 134. 816Bed) 136.46 -1.65 135.43 -0.62

a(,c) ° 85.68777(84) 85.832(17) 85. 8@Xed) 86.04 -0.21 85.82  0.01

o kHz 2.3 54.0 2.7

Na/Neg 109/62 109/62 109/0

Niot 171 171 109

Note: All constants refer to the principal axisteys, for the centrifugal distortion

constants Watson’s A reduction and eepresentations was used.

@ Obtained by transformation from rho axis systemriocipal axis system, see

text.

¢ Hindering potential, calculated from value in faeqcy units.

d Calculation on MP2/6-311++G(d,p) level usiBgussian03

© With respect to Fit Il

" Same as Calc. | with empirical correction, sed¢icect.

® Moment of inertia ) of the internal rotor, calculated from its rotaié constant §

CUHLAVHD FUlS
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We started the assignment of the E species lin#stivose lines which were predicted to be
close to the respective A species transitions. Thisgls for thea-type R branch transitions,
where the A-E splittings were only on order of B0100 MHz. After fitting the internal
rotation parameters and thereby improving our ptedis, alsdo-type Q branch transitions
could be assigned, which were split by severalMléfz up to 1 GHz. In some cases scanning
a small range of 5 MHz was necessary to find thesli

Using the XIAM code the barrier to internal rotatimas determined to be 98.093(12)tm
This can be compared to the barrier of the acesthgi group of methyl acetate which is
99.559(83) cnt and to the barrier of 97.7844(45) ¢iwhich was found for ethyl acetate. All
barriers are very close together and obviouslydihgble bond of allyl acetate does not affect

the internal rotation.

Finally, 109 A species and 62 E species lines \asesigned and fitted again with the program
BELGI-C; using the Rho Axis Method (RAM). This code allows to calculate and fit
transitions for asymmetric top molecules containone G, internal rotor (like the Ck
group) and having a(oint group symmetry at equilibrium. The BELGJ-€bde was used
only twice up to now and the fit can be compared ferturbation treatment in the PAM axis
system used in the JB95 cdtfeThe results are shown in Table 1 and Table 2.rAptete list

of all fitted transitions is given in the Appendikable B-3 and B-4).

3. Quantum chemistry

For an unambiguous identification of the assignedf@mer quantum chemical calculations
on MP2/6-311++G(d,p) level were carried out. Fraattelations on ethyl acetate (Chapter 1)
and other esters like ethyl pivalatend ethyl isovaleratewe know that this method gives

reliable rotational constants.

In the case of allyl acetate many start geometréas be generated by rotating a part of the
molecule around the g€0;; and Q—-Cg bonds. All of them ardérans geometries. Rotation
around the €-O3 bond yieldscis geometries of allyl acetate which are much highenergy
and are unlikely to be observed under moleculambeanditions Therefore we will not

discuss them here and only concentrate otr#mes ester throughout this text.

In total, 36 different start geometries were crédig varying the dihedral angles = [J(Ci>,
Ci1, Gg, O3) and @z = (Cy3, Cg, O3, ) in each case from180° to 120° in a grid of 60°.

Atom numbers are given in Figure 3. The MP2/6-31G(ekp) level was used to optimize all
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Table 2
Molecular constants in the RAM system of allyl atetobtained by a global fit using the program BEGa

Operato? Constart Unit®  Value
Ps A GHz  7.51535(31)
Py B GHz 1.14266690(55)
P C GHz 1.4324355(43)
{Pa,Po} Dat GHz  -0.0423367(81)
{Pa,Pc} D ac GHz 1.011141(13)
-P A, kHz 0.19522(16)
-PP,? Ak kHz —4.1206(37)
-p’ Ax kHz 33.975(51)
—2P(P,*Pc?) & kHz  —0.03006(13)
- [PZ(P-PA] & kHz 0.6391(48)
P F GHz 160.61(19)
cmt 5.3575(62)
(1/2)(1-cos$) Vs GHz 2955.3(44)
cmit 98.58(15)
PP, ) unitless  0.035007(18)
(1-cos3)P,? Ks MHz  71.55(87)
(1-cos3)P? Fv MHz  —1.6286(59)
(1-cos3)(P,*-P?) C MHz  0.7132(61)
(1-cos3){Pa,P}  dav MHz 5.5(56)
(1-cos3){Pa,P}  dac MHz 3.857(36)
Na/Ng/Nior 109/ 62 / 171
oal0glo kHZz 2.7/ 1.2 | 2.3

 All constants refer to a rho-axis system, therefiie inertia tensor is not diagonal and the comsteannot be
directly compared to those of a principal axis systR, R, P. are the components of the overall rotation
angular momentum,,fs the angular momentum of the internal rotortingaaround the internal rotor axis by an

angley. {u,v} is the anti commutator uv + vu.

® The product of the parameter and operator fronivangrow yields the term actually used in the vitma-
rotaztion—torsion Hamiltonian, except for p, and A, which occur in the Hamiltonian in the foFffPV-pPa)2 +
AP,

Na/Ne/Nyo: are the numbers of A transitions, E transitioms] the total number of transitions./og/o,; are the
respective standard deviations.

¢ Values of the parameters from the present fittiSigal uncertainties are shown as one standacértainty in
the last digit.

start geometries. Only 6 conformers were found iaddtated in Figure 5 with their relative
electronic energies. The rotational constants,ilszabon energies, dihedral angles andg,
and dipole moments are given in Table 3. The nuateardinates in the principal axes
system are found in the Appendix (Table B-5). Imtcast to our initial assumption most of
the conformers do not have a symmetry plane anst enantiomeric pairs. Frequency
calculations have shown that the intuitively préelicconformer, conformer{is a saddle
point of second order with a vibration around the-@ and a vibration around theg€C;;

bond rather than a stable conformer.
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Table 3

The rotational constants, stabilization energidsgdtal angles; andg,, and dipole moments o conformers

of allyl acetate obtained from quantum chemicatwaiations

Cont rel. E° 01 02 el el e A B c
' / kd/mol /° /° /D /D /D [GHz /GHz /GHz
Cs 10.9331 180.C 180.0 0.449 1.913 0.000 8.36¢ 1.237 1.092
I/1* ¢ 1.0528 A421.F +177.1 0.810 1.919 0.079 7.51¢ 1.277 1.150
I/1* € +129.C +£129.0 7.511 1.277 1514
1 3.6492 0.C 180.0 0.906 1.664 0.000 6.16F 1.514 1.234
1 3.4352 -3.2 -86.4 0.1670.442 1.829 4.777 1.767 1.693
v 0.8268 115.: -82.9 0.1131.550 0.877 5.29¢ 1.695 1.494
Vv 0.0000 114.¢ -76.4 0.227 1.928 0.247 6.327 1.452 1.365

®Relative stabilization energies calculated at tHe2K-311++G(d,p) level with respect to the lowest ene
conformers V at 344.9182358 Hartre

® Dihedral angle®; = O(Ci2, Ci1, Cs, Os) andg, = O(Cyy, Cs, Os, Co).

¢ Dipole moments in principal ax

dConformer | and I* are chiral enantiomers whichmatrbe distinguished by N-FTMW spectroscop

¢ Empirical correction by adjusting the dihedral @n¢, for bestagreement with experimental rotatiol
constants, see text.

12
10
)
£ 8
2
56
)
e
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2
0

Cs I II I 1Y% \%

FIG. 5 Different onformers ofallyl acetate. The stabilizatioenergy values are relatito the most
stable conformer V (344.918235 Hartree). Only one enantiomer of conformerHl| 1V, and V are

indicated
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In a next step the potential curve of allyl acetaées calculated by freezing the dihedral angle
@1 =0(Cq Cia, G, O3) at certain fixed values while all other parameteere optimized. In
this case we calculated a full rotation of 360°hwa 10° step width. The corresponding

potential surface is shown in Figure 6.

Obviously, three conformers are generated by thtition. Conformer | and I* are a pair of
enantiomers with the same rotational constantsurghér conformer (conformer Il) is less
stable and should have a symmetry plane. We aldwated a non-stable conformer at
¢1 = = 180° (conformer € which is also of € symmetry. As can be recognized from Figure

6 the dihedral angle; for the energy minimum is +121.57° for the confersl/I*.

In Figure 7 the rotational constants in dependeanrcéhe dihedral angle; are drawn. The
range from 115° to 130° was enlarged by varyingdihedral anglep; in a grid of 1° instead
of 10°. The rotational constants are shown in FagirThe experimental rotational constants
matched the calculated one exactlypat +129°, not at +121.57°, i.e. the rotational contta
of conformer I/I* as obtained by full optimizati@me not the best ones. This will be discussed

in the next section.

4. Results and discussion

The microwave spectrum of allyl acetate has beesigasd with the programs XIAM and
BELGI-C;. As discussed in Chapter 1, XIAM is very usersidly and easier to use for
assignment purposes, whereas BELGIHE usually a better model to treat the internal
rotation problem for low barrier molecules very aately. A comparison of XIAM and
BELGI has been given in Chapter 1 and will not &eeiated here again in detail. With XIAM
a global fit of the A and E species was carried(&ittll in Table 1). A standard deviation of
54.0 kHz was obtained for 171 lines withax = 15 andKamax = 6 (5) for the A (E) species,
respectively. In a second fit with XIAM (Fit Il iTable 1) the internal rotation parameters
were fixed to the values obtained from Fit Il amdyathe A species lines were fitted. Here a
standard deviation of 2.7 kHz was found, which Isse to the experimental accuracy. A
global fit with BELGI-G allowed to fit together the A species with a stdddeviation of
2.7 kHz and the E species with 1.2 kHz. The ovestlhdard deviation is 2.3 kHz which
indicated that the model used in BELG{-&most perfectly describes the observed spectrum.
The reason for the better standard deviations édaiby the BELGI-Ccode is that it uses a

global approach dealing with the total set of tongil v states (to a certain truncation level)
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FIG. 6 The potential curve of allyl acetate obtdiwy rotating the vinyl group. The relative energy
with respect to the lowest energy conformers 14344.9178348 Hartree) is given. Conformer I* is
the enantiomer of conformer | with the same rotatloconstants. Conformer Il is the only stable

conformer with a symmetry plane. The maxima at £r@present the non-stable conformer C
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FIG. 7 Comparison of the calculated rotational ¢anis (A, B, C) for different dihedral anggl with
the experimental rotational constants ABe,, Cex). The A rotational constant is described at the
left scale and the B and C rotational constantshat right scale. The horizontal lines are the
experimental rotational constants. The verticatdirshow the position where the calculated and the

experimental data have the best agreement.
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FIG. 8 Comparison of the calculated rotational tamis (A, B, C) for different dihedral angef in
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Cexp). The experimental rotational constants matchediixate, ~ +129°.

associated with the internal rotation and using ldagiltonian and one set of parameters to
fit the data. The model used in BELGI does theesiaclude all torsion-rotation interaction
between different torsional states. On the othedhan the local method used in XIAM, each
torsional state is treated separately using its Blamiltonian. In XIAM, certain off-diagonal
matrix elements innare thus neglected (after removal by van Vleckdfarmations) which

is a good assumption only in the high barrier lirmtthe present case, the so called reduced
barrier height s = 4Y9F is small (8.17) and thus the effect of thosdrmmalements are
important and cannot be neglected.

It should be noted that in Table 2, we needed amms$ which are symmetry allowed only for
a G internal rotor molecule. The Pparameter (multiplying the P + P.P; operator), which
essentially allows for the fact that the methyl #ofis is not required by symmetry to lay in
the principal axisab plane, is actually rather large. We also needgdadhich is its torsional
dependence.

Furthermore, the internal rotation problem in BELGIis treated in the rho axis system
(RAM system) and consequently, all parameters nbthalso refer to this coordinate system.

The original parameters from the BELGI-fit are given in Table 2. To compare these values
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with those obtained from XIAM, which refer to a mripal axis system (PAM system), all
BELGI-C, parameters given in Table 2 were transformed ftbenrho axis system to the

principal axis system (Fit | in Table 1).

To facilitate this transformation, in a first stéye tensor formed by the diagonal A, B, and C
rotational constants and the off-diagonal elemé&nts Dy, and Q¢ is diagonalized yielding
A, B, and C in the PAM system as well as the tramsétion matrix v. The transformation
matrix is used to calculate the elements of the vbotor p,=p - w1, pp=p - iz, and

Pc =P - i3 in the PAM system. In a next step the moment eftia of the methyl groupoF
and the direction cosines, Aip, Aic between the internal rotor axis and the princgxasa, b,

andc are calculated

F= |55,
T Pa L PhPE

A* B® C?
My =p, 00, Ay =py 02, A, =p, 02
ia pa A ib pb B ic pc C

The barrier to internal rotation of the acetatehylegroup is 98.55(13) crhand 98.093(12)
cm™* and the moments of inertia of the methyl groupenfitted to yield 3.1861(17) wand
3.29046 (33) uA using BELGI-G and XIAM, respectively. Here, the BELGI;Gralue
appears somewhat smaller, whereas the XIAM valséghtly too high if compared with the
methyl rotors in methyl acetate (3.2085(26)%)tAand ethyl acetate (3.16067(76))A
However this discrepancy may also indicate thatmgidity effects are important fox, nd
these effects are treated very differently by the methods. In the BELGI code, deviations
of the G, symmetry for the methyl group is taken into acadoy higher-order interaction
terms, whereas in XIAM only some higher (fourth emdcoupling terms between internal

rotation and overall rotation are implemented.

By comparing the experimental rotational constavith the calculated ones of conformer |,
we found that the B and C constants have a reldeveation of 0.8%, but for the A constant
it is 2.49% which corresponds to an absolute dmnabf approximately 200 MHz (see
Table 1, Calc. I). However, the ground state constalerived experimentally cannot be
directly compared to the computel initio constants at equilibrium. In the casecisfmethyl
formate molecule HCOOGCH1 another molecule containing an internal rotoe theoretical

vibration-rotation interactiona constants deduced from thé initio cubic force field were
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combined with the known experimental ground statational constants to yield the semi-
experimental equilibrium rotational constants tocbenpared with the equilibrium constants.
The correction did not exceed 1.5% for methyl falriahus less than the 2.49% observed in
the case of allyl acetati order to obtain a better agreement betweenliserged and thab
initio rotational constants, we rotated the moleculagnrants aroung; with a step width of
1° and tried to find the angle where the deviatadnthe rotational constants becomes a
minimum. We found that ap; = 129° the deviations of A, B, and C are belowe®.see
Table 1, Calc. Il). The difference of approximat@l$° is probably due to the small torsional
force constant causing a rather flat minimum. Heeey small interactions between both
molecular fragments might cause rather large claimgg,. A much better quantum chemical
method and a larger basis set might increase amcuma treating these small interactions
more correctly. Also the angles between the interator axis and the principal axes of

inertia are improved by this empirical correction.

Finally it should be mentioned that only about 46f4@ll measured lines could be assigned.
The still unassigned lines might be due to the @onérs IV and V which have even lower
stabilization energy than the assigned conformatsio some lines probably arise from strong
lines of isotopologues of the assigned conformesweéier, due to the complexity of the

spectrum, none of these species could be presesdigned.

5. Conclusion

The Fourier transform microwave spectrum of allgetate has been measured under
molecular beam conditions. By comparing the expenital data with quantum chemical
calculations we identified one conformer of §ymmetry, in which the ethylene group is bent
by an angle of approximately 129° against the plainthe C—COO-C backbone. Large A-E
splittings (in some cases up to 1 GHz) of all lides to internal rotation of the acetate methyl
group were found. Analyzing the spectrum with thegpams XIAM and BELGI-Gyielded a
torsional barrier of only 98.093(12) chand 98.58(15) cih respectively. Similar to the case
of ethyl acetate, both programs can fit the A spetiansitions to the experimental accuracy,
however, the predictive power of BELGE-@irned out to be better for the E species.
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Chapter 3

VINYL ACETATE

Quantum chemical calculations and improvement of th fit

1. Introduction

The microwave spectroscopic investigations on abgtate (Chapter 2) have shown that the
barrier to internal rotation of the acetyl methybgp is 98.093(12) cth almost the same as
the barrier of 99.559(83) ¢mand 97.7844 (45) cifound for methyl acetateand ethyl
acetate (Chapter 1), respectively. Obviously, the group does not affect the rotation of the
acetyl methyl group. However, in the case of adlgktate the double bond is far away from
the internal methyl rotor. Therefore, it is intdneg to study vinyl acetate, where the double

bond is attached directly to the carboxyl group aeledtronic interactions could be possible.

The free-jet millimeter absorption spectrum of Viagetate has already been investigated by
Caminati et af. A global fit using the program XIAM was carried townfortunately, the
experimental accuracy was not good enough for aoresble comparison with our own
microwave spectroscopic data on methyl acetathyl acetate (Chapter 1), and allyl acetate
(Chapter 2). A standard deviation of 0.08 MHz weorted when 14 parameters were fitted.
Therefore we decided to remeasure vinyl acetat®lBYyFTMW spectroscopy. By reanalysis
of the spectrum using two programs, XIAM and Erhame, expected to achieve a better
standard deviation as well as to determine the cntde parameters with higher accuracy.

Quantum chemical calculations should also be inguiov

2. Quantum chemistry

Quantum chemical calculations at the MP2/6-311++48)(tevel of theory in the studies on
vinyl acetate in ref> have shown that three conformers are stable. Uiyl acetate, the
most stable conformer has a symmetry plane, ilehesvy atoms are located on a mirror
plane (see Figure 1). However, it should be nthedl the vinyl group is titled with a small
angle of 4.5° against the ester group. Therefoeedecided to study the conformers in more
detail by calculating a potential curve of vinye#ate using th&aussian03ackage with two
different basis sets, MP2/6-311++G(d,p) and in @aldiMP2/6-311++G. The investigation
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FIG. 1 Geometry of the most stalttans conformer | of vinyl acetate.

on ethyl acetate (Chapter 1) and theoretical ssunfi©ki and Nakanishhave shown thatis
esters are always much higher in energy and cabpmatbserved in the molecular beam.
Therefore, we focused only on tlieans conformer of vinyl acetate. The dihedral angle
¢ =0(Cy, Cg, Oy, Gs5) were frozen at a certain fixed values while dalev parameters were
allowed to relax. Due to symmetry, only a rotatadnl80° in a grid of 10° was needed. The
parameterized potential curve is shown in Figurgh2, Fourier coefficients are given in
Table 1.

In agreement with the quantum chemical studiesashi@iati et af the potential curve at the
MP2/6-311++G(d,p) level shows two possililans conformers. Conformer | has asC
symmetry and is the most stable one. Conformel* It about ¢ = +160° is a pair of
enantiomers. The stabilization energy is approxetyat2.6 kJ/mol higher than that one of
conformer |. Therefore, conformer Il/1I* is unlikelto be observed under molecular beam
conditions. It should be noted that in both casies,energy minima are extremely flat. For

this reason it is difficult to determine the exdittedral angles of these conformers.

In contrast to the results of calculations at the2¥6-311++G(d,p) level, the potential curve
calculated with the 6-311++G basis set and the saethod shows clearly four minima at
¢ = £30° ande = +130°. Conformer | becomes a local maximum. dim@pal, a tunneling
between the two enantiomersqat +30° and —30° could be possible. However, wentit
expect that splittings can be observed in the imtat spectrum, since the tunneling barrier is
only 0.55 kJ/mol and the lowest energy level isbatdy higher. The stabilization energy of
conformer Il/1I* and also the maximum at= +180° are lower than those obtained with the
6-311++G(d,p) basis set. Nevertheless, the stabibiz energy of 8.25 kJ/mol is too high for
an observation in the molecular beam. The Cartes@ordinates of conformer | and Il
calculated at the MP2/6-311++G(d,p) level are givemable C-1 in the Appendix.
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FIG. 2 The potential curve of vinyl acetate obtdir®y rotating the vinyl group around the-@Qg
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bond. The MP2 method and two different basis set®ewhosen. The relative energy with respect to
the lowest energy conformer (E=305.72213457 Hartree and E-805.27460397 Hartree for the
MP2/6-311++G(d,p) and the MP2/6-311++G level, retipely) is given.

Table 1

Potential functions for the rotation around theedital anglep = 0( Co, G5, O5, Cs). Energies were calculated in
15

a 10° grid and parametrized as a Fourier sevigs) = a, + Zaicos(igﬁ)
i=1

MP2/6-311++G(d,p) MP2/6-311++G

Hartree crit Hartree cm
o —305.718818038 -305.27250037
& —-0.002631125 -577.4651 —0.00189374 —-415.6274
) —0.001184979 —260.0728 —0.00054718 —-120.0912
P 0.000226180 49.6408 0.00012473 27.3746
N 0.000285334 62.6236 0.00039815 87.3829
& —0.000029032 —-6.3718 0.00000929 2.0387
3 —0.000019362 —4.2495 —0.00002554 -5.6058
& 0.000009582 2.1030 0.00000404 0.8862
3 0.000016336 3.5853 0.00001957 4.2960
& 0.000000244 0.0536 0.00000351 0.7695
= 0.000005674 1.2453 0.00000666 1.4619
A1 —-0.000001776 —0.3898 —0.00000210 -0.4618
Y 0.000003099 0.6802 0.00000274 0.6018
A3 0.000000355 0.0779 0.00000091 0.1991
=W 0.000001628 0.3573 0.00000170 0.3729

aus —0.000000431 —0.0946 —0.00000013  -0.0292
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3. Microwave spectrum

The acetyl methyl group in vinyl acetate shows daamplitude motion. The barrier to
internal rotation was determined by Caminati éttalbe 1.855(1) kd/mol, i.e. 155.62(9) tm

It is somewhat higher than the barrier found inhgkeacetate, ethyl acetate, and allyl acetate.
However, the barrier is still relatively low if cqrared to ethyl fluoride (1171.3 ¢h®
Therefore, wide A-E splittings were observed. Taomtional constants and the barrier from
ref.? were used to predict the rotational spectrum & rdnge from 9 to 20 GHz. Using a
modified version of the MB-FTMW spectrometer delsed in ref!”*®in the experimental
setup section, 25 A species and 31 E speciesan#dtiransitions were remeasured. All lines
are very intensive. The line width is in the ramge@0 to 30 kHz, much larger than the value
of 12 kHz found for ethyl acetate (Chapter 1) atigd acetate (Chapter 2). In some cases,
splitting in the order of about 10 kHz could bealgsed. We attribute these splittings and the
large line widths to spin-spin and spin-rotatiomling of the protons. The line position can

be determined with an accuracy of 2 kHz.

In a next step, 56 remeasured lines were fittech wihite programs XIAM. The fitted

parameters are given in Fit I, Table 2. A list dif teansition frequencies is given in the
Appendix (Table C-2). In a second fit with XIAM (Hil in Table 2) the internal rotation

parameters were fixed to the values obtained fraimi &nd only the A species lines were
fitted.

As an alternative, a global fit with the progranh&m was carried out. In this case, a standard
deviation of only 1.2 kHz was found which is velpse to the experimental accuracy. The
parameters fitted with Erham are given in Fit Maple 2) and all fitted transitions in
Table C-3.

4. Result and discussion

Using the program XIAM, the rotational constantsreveetermined to be A = 9.42529(13)
MHz, B = 2.241298(24) MHz, and C = 1.831877(24) Midemparing to A = 9.40186(4)

MHz, B = 2.241742(6) MHz, and C = 1.832332(7) MHmrid in the previous investigation.

The B and C rotational constants match the valaksiated at the MP2/6-311++G(d,p) level
almost exactly. The A rotational constant diffeyslt80 MHz, however, the relative deviation
is only 1.4%. Totally, 25 A and 31 E species licesld be fitted with a standard deviation of
29.9 kHz (Fit I in Table 2). Though the standardidgon became much better with our new
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Table 2
Molecular parameters of vinyl acetate obtained fiyy@sing programs XIAM, Erham, and quantum cheahic
calculations.
Parametér Unit Fit | Fit Il Fit Il Fit IV
XIAM XIAM Erham Caminati et al.

A GHz  9.42649(50) 9.42648141(319.4012638(13) 9.40186(4)
B GHz 2.241347(30) 2.24133757(1D.24171194(22)2.241742(6)
C GHz  1.831926(30) 1.83192476(18)83242629(27)1.832332(7)
A, kHz  0.285(28)  0.1746(27)  0.1679(27) 0.15(1)
Ak kHz  2.12(19) 1.929(16) 1.803(17) 1.84(1)
Ak kHz  6.86(67) 6.352(34) 7.27(28) 10.7(6)
5, kHz  0.0438(82) 0.0366(16)  0.0372(11) —0.0347(7)
S« kHz  2.14(77) 0.870(53) 0.244(77) —0.0071(4)
Vs cm®  157.78(13) 155.62(9)

kd/mol 1.8874(13) 1.855(1)
lo uA?  3.1522(27) 3.371(11) 3.215(2)
0(,a) ° 41.3759(96) 37.90(21) 41.05(1)
(i, b) ° 48.6241(96) 52.10(21) 48.95(1)
0(i,c) ° 90.0 (fixed 90.0 (fixedf  90.0 (fixedy
Dpizs MHz  0.0648(46) 11(1)
Dpiox MHz  -3.841(77) -1.7(1)
P 0.050319(42)
B ° 10.517(77)
€10 GHz —4.4465(17)
[Gdl1c MHz 82.75(24)
[Golic MHz 3.17(32)
[A—(B+C)/2]1c MHz 2.4036(81)
[(B+C)/2li.c  kHz ~55.2(63)
[(B-C)/4c  kHz -18.2(31)
[AJK] 1C kHz 343(12)
[A]1c kHz 4.70(16)
o MHz  0.0299 0.0013 0.0012 0.08
Niot 56 25 56 101

4 For the nomenclature of the parameters fitted &itiam, see ref.
® Calculated at the MP2/6-311++G(d,p) level of tlyeor
° Due to G symmetry.

data set (comparing to the value of 0.08 MHz fobpdCaminati et af), we were not able to
fit all transitions to experimental accuracy. A teetstandard deviation is currently not
possible due to the limitations of the XIAM codeherlfit can be improved by fixing the
internal rotational parameters to the values obthiftom the global fit and only A species
transitions were fitted. The standard deviatiosignificantly reduced to 1.3 kHz (Fit Il in

Table 2). However, the predictive power for thepgges lines is still unsatisfactory.
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The global fit with the program Erham yielded anst@rd deviation of 1.2 kHz. The B and C
rotational constants, the centrifugal distortiomstants, and also the angles between the
internal rotor axes and the inertial axes obtaingd Erham have reasonable agreement to the
values fitted with XIAM. Using the Erham code, somere effective tunneling parameters

were fitted, but unfortunately, the barrier to i@ rotation \4 is not given.

The internal rotation barrier of the acetyl metggbup in vinyl acetate was determined to be
157.78(13) cit. Comparing to the value of 98.093(12) tifound for allyl acetate the barrier

rises significantly. In this case, the vinyl groig attached directly to the oxygen atome
whereas in the case of allyl acetate ayCgtoup is in between. This might cause some

electronic effects which will be discussed lateCimapter 4 in details.

Finally, quantum chemical calculations at the MP218++G level show that the most stable
conformer is atp = £30° and thdrans Cs conformer atp = 0° is probably a transition state.
We tried to measure-type transitions using polarizing pulses with avpo of 2 W, whereas
b-type transitions are over-polarized already withfesw mW. The absence of-type
transitions suggests that te#fectivestructure of vinyl acetate has g §/mmetry. However,
due to the low dipole moment of only 0.316 Debyéhimc direction and a tunneling between
the two enantiomers at= +30° and —30° is possible, by the absenaetgpe transitions it is
difficult to decide whether the output power is safficient, a tunneling process exists or the

real molecular structure has a mirror plane.
5. Conclusion

The rotational spectrum of vinyl acetate was regeal by MB-FTMW spectroscopy and two
program codes XIAM and Erham. The standard dewviatias been significantly improved
comparing to the previous work by Caminati et dieTprogram Erham enables to fit the
whole data set to experimental accuracy. Howeweneseffective tunneling parameters had
to be fitted while the barrier to internal rotatismot obtained. XIAM can fit the A species to
a standard deviation of only 1.3 kHz. For the Ecsgse the predictive power of XIAM is not
satisfactory. The potential curve by rotating theylgroup was carried out with the MP2
method using two different basis sets. Calculatasiag the 6-311++G(d,p) basis set shows
an extremely flat minimum and thes@eometry as the stable conformer, whereas the
6-311++G basis set yields a double minima potemttare the vinyl group is titled against
the ester frame by an angle of approximately 30 d@bsence af-type transitions suggests

an effective @ structure at the energy minimum.
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Chapter 4

ISOPROPENYL ACETATE

Two rotors and C, frame symmetry

1. Introduction

Internal rotation is an interesting type of largepditude motion and therefore a motivation
for a part of this thesis. The more internal rotarsnolecule has, the more complex the
microwave spectrum is. In the case of allyl acef@teapter 2), there is only one methyl group,
the acetyl methyl group, which shows internal rotat All rotational transitions split into
A-E doublets and it causes a doubling of all limeshe spectrum. Due to the low barrier of
only 98.58(15) cn, the splitting is very large (in some cases ufi ®Hz). The microwave
spectrum is slightly more complicate in the caseetblyl acetate (Chapter 1). Ethyl acetate
contains two methyl groups with internal rotatidghe acetyl methyl group and the ethyl
methyl group. The barrier of the acetyl methyl grds also on the order of 100 ¢mAs a
consequence, large A-E splittings were found in ¢pectrum. The ethyl methyl group,
CH;—COO-CH,-CH3, has a much higher barrier of 1061.4(68) crthe splittings due to
internal rotation of this methyl group are verynoar and could be only resolved for a few

transitions.

The microwave spectrum becomes more interestittigeifbarrier to internal rotation of the
second methyl group is lower than that of the ethgthyl group in ethyl acetate, so that
considerably larger splittings can be observeds Timtivated us to study isopropenyl acetate,
CH3;-COO-C(CH)=CH,, an isomer of allyl acetate. When Hirota studied tmicrowave
spectrum of propeneCHs—~CH=CH,, he found a barrier to methyl rotation of 698.4¢6)".
Since the situation in the isopropenyl group isilsimwe expected also to be able to resolve
the splittings due to the isopropenyl methyl groemmm our knowledge about methyl acetate,
investigated by Sheridan et aland our own studies on ethyl acetate and allytaéeethe
barrier to internal rotation of the acetyl methybgp is always around 100 émTherefore,
also in the case of isopropenyl acetate a rathvehiadering barrier on the order of 100 tm
was expected. The interesting dynamics due to cuybletween two internal rotations was

studied and will be reported in this chapter.
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FIG. 1Geometry of the observed conformer of isopropengtate

From our studies on allyl acete we learned that the vinyl group was not locatedwithe
plane formed by the ester group, but tilted by rgi@of 129° against it. However, in the ¢
of vinyl acetaté the vinyl group is located within the symmetry asf the molecule. This
afurther motivation to investigate isopropenyl atet&Ve were interested to find out whet

in this case the isopropenyl group is tilted agatims ester group or n

2. Quantum chemistry

In order to have reasonable rotational constantsspectral ssignment we carried out
structure optimization at the MP:-311++G(d,p) level using th&aussian0 package. This
level of theory had been used for similar moleculefore and usually yielded rotatior
constants which were quite close (approximately) to the experimental ones. A bet
agreement cannot be expected, because the cattulatigtional constants refer to t
equilibrium internuclear distances whereas the expatal constants are usually effect
constants averaged by the zero poinration. Besides the rotational constants also tiggea
0(i,9), g =a, b, c between the internal rotor axes and the inertialsaxere calculated fro
the ab initio geometry, since they can directly be compared toesperimental data. Tf
rotational costants and the angles are given in Table 1, then@d geometry is shown

Figure 1, the cartesian coordinates are founderAjppendix (Table -1).

In this work we were only interested in ttrans conformer of the estecis esters are known
to be nuch higher in energy and are therefore usuallyalsterved under molecular be;

conditions.

In contrast to our initial assumption the optimizgducture had no symmetry plane and
isopropenyl group was tilted out of the plane of @ster group. Thefore, we decided t

calculate a potential curve where the dihedral@ad = [(Cs, Oy, Gg, Cy) (for atom number
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FIG. 2 The potential curve of isopropenyl acetdéaimed by rotating the isopropenyl group. The
relative energy with respect to the lowest eneyfarmer (E = -344.9237793 Hartree) is given.

see Figure 1) was varied while all other geometiyameters were allowed to relax. The
result is shown in Figure 2. The curve has beeamatrized by a Fourier expansion given in
Table 2. The potential energy minimadet +£70° represent a pair of enantiomers. The same
result is obtained by global structure optimizatidiwo Cs geometries at 0° andl180°

represent maxima in the potential curve and catetieitely excluded as stable conformers.

We also calculated the potential functions of thgennal rotation of the isopropenyl methyl
group and the acetyl methyl group in a similar nenmgain, the potential curves were
parametrized by Fourier expansions. The Fourieffic@nts are summarized in Table 2.

Usually, the potential is given by the Fourier exgan
V(a) :%(1—0053(1) +%(1—0036a) +...

It should be noted that the,\potential (n=3,6,...) is given by,¥ 2 |a|. For the
isopropenyl methyl group we found & Warrier of 656.2 cf with a Vi contribution below
2%. The acetyl methyl group vyielded g Marrier of 120.5 ci. Here a significant ¥term of
24.7 cm* was found, which is 20% of3/As a consequence, the potential curve is a diéstor

cosine function with broadened minima and narrowima.
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3. Microwave spectrum
3.1. Symmetry labels

According to our quantum chemical calculations pleént group of the isopropenyl acetate
molecule is &, i.e. it has no symmetry plane. There are twarivaterotors, the acetyl methyl
group with a rather low hindering barrier and tkepropenyl methyl group with a high
barrier. The molecular symmetry group is isomorghithe direct product grotiC;M0C;®.
Both G symmetry groups involved have three one-dimensisyrametry species A, EE..
We will label the rotorsional wave functions by AAE = AE; + AE,, EA = EA + E/A,
EE = EE, + BEp, and EE* = EE, + BE,. In a specie§ I, the acetyl methyl group will be
represented bly; and the isopropenyl methyl group By, Due to the low barrier of the acetyl
methyl group all spectral lines show wide splitsngto an A and an E component. The A
component is split under the influence of the ispenyl methyl group into a narrow AA, AE

doublet, the E species splits into a narrow EA, EE* triplet.

3.2. Spectral assignment

All spectra were recorded using the MB-FTMW spetieter in the frequency range 4 to
26.5 GHz described in ref’*in the experimental setup section. We starteceaperimental
studies with a broadband scan recorded in the émoyurange 9.3 to 14.5 GHz. Within this
range, a total of 120 multiplets were found. Afids were remeasured in the high resolution
mode. The line width was in the range from 10 tokB%, the line positions can be
determined with an accuracy of 1 kHz for strong@dirand 5 kHz for weaker lines. Almost all
lines appeared as AA, AE doublets or as EA, EE, &ipfets. A typical spectrum of the AA,
AE doublet and EA, EE, EE* triplet is shown in FigiB8 and Figure 4, respectively.

We found that some triplets, also the one in Figyrehow a narrow additional splitting on

the order of 20 kHz. Under the influence of inhomogous magnetic fields these splittings
vanished. We therefore attributed it to proton sgpm or spin-rotation coupling as will be

discussed below.

In a first step we tried to fit the AA componentgparately with a rigid rotor program. It
should be mentioned that and c-type transitions were quite strong whereatype lines

turned out to be very weak and could not be obseimmethe scan at all. After the AA
components had been assigned, a complete spectitimallv torsional components was
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FIG. 3 A typical A species»4 «— 4, transition of isopropenyl acetat€he experimental resolutic
was 0.8 kHz, the typical experimental line width R4z as indicated in the spectrum. Thege

splitting is due to the Doppler effect (indicatedhbrackets). For this spectrum 58 FIDs wer-added.

predicted using the XIAMode. In a first approach we assumed the barrigh®facety
methyl group to be approximately 1cmi’ as found in methyl acetatethyl acetate, or ally
acetate, but no agreement with the observed specivas found. Then we successiv
increased the barrier up to - cm*, where finally the observed and calced spectra roughly
matched. We fitted 50 transitions with 247 torsia@@nponents using the XIAM code. Sir
the AE splitting caused by the acetyl methyl group ig/\arge, whereas the splittings witt
the AA-AE doublets and the E-EE-EE* triplets argather small, we only fitted trabsolute
line positionsof the AA and the EA lines. For the other speciesfitted the A/-AE, EA-EE,
and EA-EE*splittings referred to AA and EA, respectively. Tlharrow splitting:, which
contain the information of thhigh barrier, could be fitted almost within the experimer
uncertainty. On the other hand, the large spliftirdetermined by the low barrier, could
reproduced only within 10 to 350 kHz, which is twe same order of magnitude as the s
splitting. Therefore, fitting all absolute positions of alidis would not allow to determine t
high barrier. The resulting molecular parameteesgiven in Table 1. A list of all fitted line
is available in the Appendix (Table-2 and D3). The standard devion of the fit is
75.5kHz. This is much larger than our experimental utawety which is estimated to |
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11381.4867 MHz
EA 65 553

11381.6126 MHz
EE 65— 53

—

11381.3038 MHz ‘
EE* 65~ 533
¢ 14 kHz
11381.118 11381.459 11381.800
MHz

FIG. 4 A typical E species; < 5,3 transition of isopropenyl acetate. Doppler splgtrare indicate
by wide brackets. The splitting indicd by small brackets is due to the sppin or spi-rotation-

coupling. For this spectrum 120 FIDs wert+ added.

approximately 2 kHz. This discrepancy is due tolitmgations of the XIAM code. In order 1
check for a correct assignment we fitted the saataset also with the Erham code and fot
a standard deviation of 2.3 kHz which is very clasexperimental accuracy. The parame
fitted with Erham are also given in Table 1. A lidtall fitted lines is given in the Append
(Table D-4 and [B). The areement between the rotational and centrifugalodisin
constants, and also the angles between the intestwal axes and the inertial axes obtai
with XIAM and Erham is quite good. Unfortunateljhet Erham code does not prov

information on the peintial barrier \; but only on more effective tunneling parame

4. Results and discussion

Our studies revealed some interesting aspectseoistipropenyl acetate molecule which
different from our initial ideas. In contrast toroassumption, buin agreement with oL
guantum chemical calculations, isopropenyl acetws no mirror plane. This has be
confirmed by the observation c-type AA species transitions. Moreover, more tha®o 3%
all measured transitions could be assigned. Thexgib must be assumed that only ¢

conformer exists under molecular beam conditiorss Ts consistent with our attempo
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Table 1

Molecular parameters of isopropenyl acetate obthinea fit using programs XIAM, Erham, and quantum

chemical calculations.

Parameter Unit XIAM (Obs.) Erham ab initio Obs—Calc.
Rotational and centrifugal distortion parameters
A GHz 4.992199(46) 4.98543162(35) 4.950 0.042
B GHz 1.804480(20) 1.80464157(14) 1.802 0.002
C GHz 1.651355(18) 1.65156421(15) 1.656 —-0.005
JAY) kHz 0.447(39) 0.4440(17)
Ak kHz 2.618(51) 2.5143(29)
Nx kHz -1.79(82) —1.633(37)
0; kHz —0.0342(18) —0.03991(15)
Ag kHz -1.79(82) -1.633(37)
Torsional parameters of the acetyl methyl group

Vs GHz 4057.69(12)

kJ/mol 1.619144 (45)

cm* 135.3498(38) 120.5 14.9
ly uA? 3.1586 (fixed) 3.1380(60)
d(,a) ° 152.1715(67) 152.641(14) 150.4 1.8
0(i,b) ° 108.125(46) 107.702(55) 108.7 -0.6
0(i,c) ° 110.369(43) 110.156(33) 112.1 -1.7
Dpizs kHz 29.9(28)
Dpiz- kHz —-1136.8(85)
p 0.01574(32)
o ° 160.58(12)
B ° 50.47(32)
€10 MHz —5862(22)
[Galac MHz —2.54(49)
[Ge]ac MHz —0.485(96)
[(B+C)/2]1c kHz -14.63(15)
[A—(B+C)/2]1¢ kHz —447(23)
[(B—C)/4]ic kHz —-1.69(35)
[Ax]1c kHz —0.615(38)
[05]10 kHz —0.001300(72)
[Ox]ac kHz —-0.0137(63)

find other conformers by quantum chemical calcatsj where also only one conformer (as a

pair of two enantiomers) was found.

The barrier to internal rotation of the acetyl mytgroup was found to be approximately
135 cm, which is surprisingly high if compared to otheetates like methyl acetatethyl

acetate, and allyl acetate, where the barrienigys on the order of 100 émHowever, it
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Table 1 continued

Parameter Unit XIAM (obs.) Erham ab initio Obs-Calc.
Torsional parameters of the isopropenyl methyl grou

Vs GHz 21337(217)

kJ/mol 8.514(87)

cmit 711.7(73) 656.2 55.5
ly uA? 3.1586 (fixed) 3.582(62)
0(,a) ° 74.4(13) 73.53(18) 74.1 0.3
O(i,b) ° 24.8(22) 26.51(15) 27.4 -2.6
0(i,c) ° 108.8(20) 110.16(12) 111.7 -2.9
P 0.01574(32)
a ° 160.58(12)
B ° 50.47(32)
€01 MHz —3.118(77)

Statistical information

o kHz 75.5 2.3
Niot 247 247

2 For the nomenclature of the parameters fitted ®itiam, see ref.

® The meaning of [@10 and [G]1ois (1,0,-1,0,0,1) and (1,0,-1,1,0,0), respectiviiythe
(1Q1,1Q2,MEG,KAP,JP,KP) notation used in the Erhamogram instructions available in réfFinally, it
should be mentioned that besides the splittingstalirgternal rotation

should be mentioned that in the case of vinyl debtbarrier of 155.1(1) cthwas found,
which is still higher than the barrier found in gsopenyl acetate. Obviously, in both cases
there is some delocalization tfelectrons which extends from the vinyl double boodhe
ester group, which increases the potential barmnethe case of allyl acetate the vinyl group is
not involved in delocalization and the barrier rémsanear 100 cth However, we will

continue our work on esters to study this featareatail.

For the isopropenyl methyl group we found a bardei711.7(73) crt. This is somewhat
smaller than we expected at the beginning of oudiss. However, it is in reasonable
agreement with the barrier of 698.4(5) tmeported by Hirota for properfexhere the local

environment of the methyl group is similar.

Finally, it should be mentioned that besides thétsgs due to internal rotation additional
very narrow splittings were observed. These spi#ti changed their appearance or they
disappeared when the measurements were carrieith e presence of an inhomogeneous
magnetic field ranging from one to five times theesgth of the earth’s magnetic field.
Therefore we concluded that these extra splitteagse from proton spin-rotation and spin-

spin coupling. It is surprising that the lines arBuenced by those low external magnetic
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Table 2

Parametrized potential functions calculated on MFRU1++G(d,p) level. The total electronic energy is

given by the Fourier expansién =a0+z a,cos(ng) .

nz1

Hartree kd/mol  cih
rotation of the entire isopropenyl group
-344.9215097

0.0005181 1.360 113.7
0.0018659 4.899 409.5
0.0010433 2.739 229.0
0.0003623 0.951 79.5
—0.0000846-0.222 -18.6
0.0001161 0.305 25.5
0.0000994 0.261 21.8
0.0000669 0.176 14.7

PIIFLRLEIJFLY

rotation of the acetyl methyl group

a0 -344.9235593

ag —-0.0002746-0.721 -60.3
6 0.0000562 0.148 12.3
a2 0.0000069 0.018 15

rotation of the isopropenyl methyl group
& —344.922297

ag 0.001495 3.925 328.1
36 0.000029 0.076 6.4

fields since it is often believed that in close@&lshmolecules Zeeman effects due to the
earth’s magnetic field cannot be observed at all.

5. Conclusion

The Fourier transform microwave spectrum of isoprop acetate has been measured under
molecular beam conditions. The experimental dataelsas quantum chemical calculations
have shown that this molecule exists as only ondocmer of G symmetry, in which the
vinyl group is tilted by an angle of approximat&§° against the plane containing the ester
group. Due to internal rotation of the acetyl métrpup, we found large A-E splittings of all
lines (from a few MHz up to 1 GHz or more). We algere able to resolve the splitting due
to the internal rotation of the second isopropangthyl group. The A species lines split into
doublets and the E species lines into triplets s&hsplittings vary from 10 kHz up to 1 MHz,
much smaller than the splittings due to the acetgthyl group. By analyzing the spectrum
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with the program XIAM, a torsional barriers of 13%98(38) crit and 711.7(73) cihfor the
acetyl methyl group and the isopropenyl methyl graespectively, were observed. All lines
in the spectrum were also fitted with the prograrha to a standard deviation of only
2.3 kHz.
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Chapter 5

METHYL PROPIONATE

Two rotors and Cs frame symmetry

1. Introduction

Methyl propionate, CE+CH,—~COO-CH;, is a small aliphatic ester which is found in matu
where it contributes to the flavor of fruits. Thiene, it is also used as perfuming agent and
for flavoring. Further, it plays an important rodés a solvent. Despite its widespread use
almost nothing is known about its conformers ardd iiternal dynamics. Therefore, we
considered it worthwhile to study methyl propiondtg a combination of MB-FTMW
spectroscopy and quantum chemical calculations.

Before methyl propionate was investigated, eth@tae was measured and fitted with the
program BELGI-G for one top (Chapter 1). We found a barrier terinal rotation of the
acetate methyl group of 99.57(11) trwhich is relatively low. Moreover, methyl acetdias
been originally measured by Sheridan €t ahd was remeasured and reanalyzed by Tudorie
et al? with the new computer code BELGk@or two-top molecules. A similar barrier of
101.740(30) cnl was found for the acetate methyl group whereasrghoxy methyl group
showed a considerably higher barrier of 422.148¢568). In the case of methyl propionate
there are obviously two methyl groups which colidws splittings due to internal rotation.
We will refer to theCH3;CH,CO- methyl group as the propionyl methyl group, t{0€H3
methyl group will be called the methoxy methyl goahroughout this text. For the propionyl
methyl group we expected a barrier to internaltiotaon the order of 800 ¢ as it was
observed in diethyl ketone (Chapter 6) and methlyyleketone® For the methoxy methyl
group we assumed an intermediate barrier on ther @425 crit, as in the case of methyl
acetate.

This is the first time that the BELGIs2tops code for two-top molecules is applied to a
system with one intermediate and one high barfibe results will be compared with those
obtained with the XIAM code. The XIAM code and tBELGI-Cs code were compared for

several one-top molecules such as ethyl acetatept€hl) and allyl acetate (Chapter 2), but

such a comparison was never done for two-top mdeao far.
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trans C; conformer CH3
(most stable) cis C; conformer
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0
HgC\)J\O/CH3 H,C,, )J\O/CH3

trans C, conformer (pair of enantiomers)

FIG. 1Possible conformers of methyl propionate.

2. Quantum chemistry

Before the microwave spectrum was recorded, wéestaur study on methyl propionate w
guantum chemical calculations to determine the ipessonformers. These calculations
always helpful for the sticture determination of large molecules wheresitat methods lik

isotopic substitution turn out to be difficu

By rotating the entire —OC4froup around the £0s bond,trans andcis conformers can be
generated (see Figure fbr atom numbers sehetrans Cs conforme). Theoretical studi¢*
and also our own observations on ethyl acetate gehd) have shown thicis esters are
usually much higher in energy thdarans esters. Thereforegsis esters are unlikely to t
observed under molecular beaonditions and we decided to concentrate ontrans ester

throughout this study.

As a next step, the ethyl group was rotated ardhed(,—Cz; bond. A potential curve we
calculated where the dihedral angl= [1(C,, C,, G, Os) was varied within a 10° step wic
while all other geometry parameters were optimizZdtcalculations were carried out at t
MP2/6-311++G(d,p) level of theory usg theGaussianO3ackage. The-811++G(d,p) basis
set was chosen, since it turned out to yield quitsonable results for some other esters
ethyl acetate (Chapter 1), allyl acetate (Chap)eis@propenyl acetate (Chapter 4), and e
pivalate® The potential curve is given in Figure 2, the Faudeefficients of the potentii

function are found in the Appendix (Tabl-1). Obviously, there are two possible conforn
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FIG. 2 The potential curve of methyl propionate obtaingdrbtating the ethyl group arod the

C,—C; bond for atom number see Figure Different methods and basis sets were chosen.

relative energies with respect to the lowest enempnformer (I=-306.9413386 Hartre:

—-306.803613 Hartree, antB07.7994651 Hartree for the MP-311++G(d,p), MP/6-31G(d,p), and
B3LYP/6-311++G(d,p) level, respectively) are givi

for thetransmethyl propionate. Fully optimized structures aretjfiency calciations showed
that both of them are true minima rather than sagdints.

The most stable conformer hais symmetry whereas thieans C; conforme exists as an
enantiomeric pair ap ~ £100°. Anothertrans configuration with G symmetry atp = £180°
turned out to be a transition state. It should beadhat the two local minima of the poten
curve, which present thteans C; conformers, are very shallow. The difference betwibese
minima and the next local maxima @t~ %£80° is only 0.09 kJ/molDue to the low
temperature in the molecular beam trans C; conformer is difficult to be seen in t
molecular beam, since its stabilization energybeua 2.1 kJ/mol above the energy of
most stabldrans Cs conformer. The Cartesian coordinates oth conformers are given
Table E-2 in the Appendix.

From the quantum chemical calculations on ethykenaa€® ethyl methyl butyrat’ ethyl
isovaleraté, and diethyl ketone (Chapter 6) we found tlin these casi the MP2/6-

)
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methyl propionate diethyl ketone
(o) 0 ethyl 2-methyl butyrate
)\)j\ o N \/\)L o N
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FIG. 3Similar structure found in methyl propionate andheoother molecules. In all cases,

CH-CH~C=0 bond has a low torsional force cons

311++G(d,p) basis set isonin good agreement with the experimental resuigthyl
propionate has a similar structure as these masgcuwhich is illustrated with bold print
bonds in Figure 3. The ,£C3; bondseems to be very flexible. The correspondent déie
angle dependstrengly on the chosen basis set. Therefore, wedddcto repeat the who
calculations with another basis s-31G(d,p) since it turned out to give the best itssul the
case of ethyl isovalerategthyl valerate, and ethyl methyl butyr. Results of hese
calculations (see Figure 2) have shown, thatrans Cs conformer atp = 0° is still the mos
stable one. The transition statep = £180° has a slightly higher energy, but in betwéde
whole potential curve has changed. Ttrans C; conformer moved frome =~ +£100° to
¢~ £120°. The corresponding minima become sharpee difference to the next loc

maxima rises to 0.90 kJ/mol.

Finally, density theory calculations were carriegt.oWe used the B3LYP functional
combination with the @11++G(d,p) basis set which gave reliable resulthé case of eth
acetate (Chaptel) and also diethyl ketone (see Chapter 6). Héee potential curve for tr
rotation around the £C; bond looks similar to the curve obtained at the FK6-

311++G(d,p) level, however, the secondary minineal@ss pronounced but higher in ene

We also calculated the barrier to internal rotatadnboth methyl groups by rotating t
methyl groups around thes&Cs and the @-C, bonds, respectively. These calculations v
exclusively performed at the MF6-311++G(d,p) level of theoryrhe data were collected
a 10° grid and parametrized by Fourier coefficieftsese are also given in Tabl-3 in the
Appendix. The calculated Mpotentials were found to be 509.2 trmand 956. cm™ for the
methoxy and the propionyl methyl group, respecyi
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FIG. 4 Broadband scan of methyl propionate in #rege of 9.5 to 12.0 GHz. The spectral range of
2.5 GHz was covered by overlapping spectra withtegp svidth of 0.25 MHz. For each single
measurement 50 FIDs were co-added. The assignesitivasJ’ v,k <« J"kaker are marked with
black points. A and E species refer to the largdittimgs due to internal rotation of the methoxy

methyl group. The intensities are given in arbjtramits on a logarithmic scale.

3. Microwave spectrum

3.1. Spectral assignment

The spectrum of methyl propionate was recorded wita MB-FTMW spectrometer
described in ref:”*%in the experimental setup section. At the begigrihour experimental
investigation a broadband scan in the frequencgedrom 9.5 to 12.0 GHz was recorded as
shown in Figure 4. The spectral lines were subsgueemeasured in the high resolution
mode of the spectrometer. The line widths were listram 20 to 25 kHz and the estimated

accuracy of the line position is approximately 4kHor more details see Chapter 6.

Though there are different results by using difiérmethods and basis sets, all quantum
chemical calculations yielded two possible confasnef trans methyl propionate. At the

MP2/6-311++G(d,p) level, the potential energy aé ttans C; conformer is approximately
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FIG. 5 A typical AA and AE species;, « 1o transition of methyl propionat&he experimente
resolution was 4 kHz, the typical line width apgroately 20 kHz (FWHH). The large splitting is d
to the Doppler effect (indicated by brackets). #is spectrum 53 FIDs were-added.

2.1 kd/mol higher than thaff the trans Cs conformer. Other quantum chemical calculati
predicted even higher energies. A simple calcutatibthe Boltzmann factor with an assun
beam temperature of 30 yields a population ratio of 110"%. Even if the temperatur
which detemines the conformer equilibrium, is probably hight#han the rotatione
temperature of 1€ it appears unlikely that thtrans C; conformer can be observed in 1
beam, and only rotational lines of ttrans Cs conformer should be present in the spec.
Figure 4 shows some strong lines and many linds miich lower intensity. We attribute t
low intensity lines to"*C isotopologues with the possibility for t*C atom to go at fou
different places within the molecule. We decidedise only the innsive lines to assign tt

trans Cs main conformer.

There are two methyl groups in methyl propionatectvishow internal rotation. It was cle
that the torsion of the methoxy methyl group shaddse a wide splitting into an A and al
component. The Aamponents should be additionally split into twastonal components dt
to the internal rotation of the propionyl methybgp, which will be labeled as the AA, #
doublets. The E components split into three coraptsmwhich are called the EA, EE, ¢

EE* triplets. Examples for the doublet and the tripdéructure are given in Figure 5d
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FIG. 6 A typical EA, EE, and EE* species;, < 1y; transition of methyl propionate. For tt
spectrum 53 FIDs were added.

Figure 6, respectively. These local mode symmedhels are the same as describe:

Chaperd and will not be repeated here in detail. The feger of the symietry label refers to
the methoxy methyl group, the second letter to phepionyl methyl group. Since tl

torsional barrier of the propionyl methyl grouphigiher than that one of the methoxy met

group, the splittings caused by the propionyl metinpup should be much narrower.

should be noted that in all calculations using BE-Cs-2tops the symmetry labels are ba
on the permutatiomversion group 4g. For the line designation the local mode symm

labels correspond to thei&symmetry labels by AAs A1/A2, AE - El1, EA - E2,

EE -~ E3, and EE*~ EA4.

From gquantum chemical calculations the rotationahstants and also internal rotat
parameters were roughly known. We wused the rotltiooonstants from th
MP2/6-311++G(d,p) calculation to pret the AA species lines with a rigid rotor progr:
and could assign all AA components within the bizzadl scan (Figure 4). In a next step,
program XIAM was used to predict a complete specatwith all torsional components usi
the expected barriers of;¥ 425 cn™ and 800 crif for the methoxy and the propionyl mett
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group, respectively. The theoretical spectrum mtedi a AA-AE splitting in the order of a
few MHz, whereas the AA-AE and the EA-EE-EE* spliggs are only a few ten kHz. All

lines were remeasured in the high resolution mode.

Finally the same set of transitions was fitted gsine BELGI-G-2tops code. Lines were
weighted in the least squares fit (as usual) byitiverse of the square of the estimated
measurement error of 4 kH4n total, 61 transitions with 282 torsional compotsewere

fitted for the ground torsional state=0 of thetrans Cs methyl propionate molecule.

3.2. The XIAM and the BELGI-Cs-2tops codes

In this study we used two different codes which ckal with a two-top internal rotor
molecule spectrum. The first code is XIAM which Haeen described several times in the
literature (see the introduction of section A). XIAs a combined axis method (CAM) which
sets up the rotation-torsion Hamiltonian in the-axts system (RAM) for each top, than

converts the RAM parameters into principal axigesys(PAM) parameters.

The second code, BELGIstops, has been recently developed to fit the -hegolution
torsion-rotation spectra of molecules with two ineglent methyl rotors and a plane of
symmetry at equilibrium. This program was appliedmethyl acetate, GY€OOCH;? and
allowed us to reproduce more than 800 microwave railimeter-wave measurements on
ground-state transitions for this molecule, leadmgoot-mean-square deviations of 4 kHz for
the microwave lines and of 40 kHz for the millinteteave lines, i.e., to residuals essentially

equal to the experimental measurement errors.

As described in ref, the BELGI-G-2tops program is closely related to a progranfifong

the microwave spectrum of N-methylacetamide,sH(C=0)CH,’ which has been used
only for this special purpose. We differ from thale used in ref mainly by the fact that we
adopted a two-step diagonalization procedure irerotd have a faster code. The two-step
diagonalization procedure is similar to that onecuby Herbst et af However, we differ
from it by using a “modified PAM™! instead of the RAM approachwhich requires placing
thez axis nearly parallel to "the" top axis. The PAMpagach is well suited to problems with

smallp values' as methyl propionate.

In the first step, only the lowest order pure tomsil operators of the Hamiltonian are
considered (see eq. (3) of reéfand eq. (6) of ref)
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Hior = [Fl po(lz + (1/2)\/31(1—C053]1) +F, pg22 + (1/2)\/32(1—C05312)] + Fq1o Pa1 Pa2
V125 SINAN; SiNJ2 + Vo (1-cOS3y) (1-cosdny) , (2)

where the subscriptsand2 designate the two inequivalent tops, respectively.

The basis set for our first (torsional) diagondima step consists of products of exponentials
of the form (29 exp(F.+01)ia; exp(Fe+ay)ia, with the integersk]| and k| both less than a
basis set cutoff parametktronc In the present calculation, like for methyl atetave set
ktronc = 10, which means that 441 torsional basis funstiare used in this first step.
Following this diagonalization, we kept the lowd&t= (Xtronc+1)x2 torsional energy levels
and wave functions for use in the second steps Gtiresponds (for similar torsional ladders
in the two tops) to keeping somewhat more thanfitise six torsional levels for each top,

together with all their combination levels.

The second step of the procedure consists of daigamg the rest of the torsion-rotation
Hamiltonian (i.e.Hot + Hiorrot described in eq. (6) of rel). As explained in ref?, terms in
this Hamiltonian can be constructed by taking symnyrallowed and Hermitian products of a
rotational factor (chosen from operators of therfak"J,"J;°, wherem, n, ands are integer
exponents) and a torsional factor for eachitepl, 2 (constructed in turn from products of
operators of the fornfP,™, cosda;, sin3a;, wherem, n, ands again represent integers).

Details of the calculation are given in reind we will not repeat them here.

4. Results and discussion

The 282 torsional components for methyl propionatre fitted with the XIAM code,
floating the rotational parameters A, B, 88;, Ay, Ak, 03, O, the two barrier heightsa\ and
V3, for each top, the angles(i,a) and [(iz,a) between the two methyl rotors and the
principal a axis, and two higher order parameters,f2 and Dj.-1, while the moment of
inertia of the two tops,hand | > values were kept fixed. The molecular parametens fthe
XIAM code are shown in the third column of TableThey allow us to reproduce the data

with a root-mean-square (rms) deviation of 3.4 kélase to experimental accuracy.

The BELGI-G-2tops code provides a fit with similar quality 8m 3.3 kHz) floating 12
parameters, the rotational and 4 centrifugal dssbor parametersd( B, C, D, Dy, Dk, &y),
the two barrier height¥s;; and Vs, oneJ(J+1) dependenceVk,;y), as well as the rotation-

torsion coupling terng; which multiplies the operator § (equivalent to the term2F;p;,for
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top 1 term in the RAM approachhdr; which multiplies the operatox {; (equivalent to the
term—2F1p;1p) . The internal rotation constants for topFL)(and for top 2K,) are kept fixed

to values derived from XIAM. The internal rotati@onstantF;,, (multiplying the top-top
kinetic energy interaction operator g was fixed to a value 6f0.50 cni* derived from the
structure (see eqgs. 10-14 of rdf whereas the two top-top interaction constantthefnext
higher order in the potential energ¥i{s andVi») were fixed to zero. Qualitatively speaking,
these low order potential energy constants couldalidbe determined because the present
data set only contains information on the torsigralind state, and because the two torsional
barriers are rather higls € 4V3/9F = 34 and 65 for top 1 and 2, respectively). Getting
convergence for the fit was difficult with the BELGode using the present data set, due to
the high correlation existing between the varioagmeters, especially betwees, Vi,, ¢,

ri, ¢p, andry. After a number of trials, we decided to keep ¢heandr, parameters fixed
(which correspond to the top with the higher baraied smaller internal rotation splittings) to
values calculated from the quantitie®F,p,, and—2F,p,p,, respectively, using the direction
cosine from the XIAM code. Our best fit was howewdtained for a value of thg
parameter slightly smaller. The set of parametsesiio get our final fit is shown in Table 2.

The list of frequencies fitted with the BELGkQtops code and XIAM, along with the
residuals, are given in Table E-4. We found theibanf the methoxy methyl group of
429.324(23) cm to be in good agreement with the assumed barfiet28.148(55) cni
reported for methyl acetateAlso the barrier of 820.46(99) ¢hnof the propionyl methyl
group matches the barriers of 795(10)cand 771.93(27) cthobserved for methyl ethyl
ketoné and diethyl ketone (Chapter 6), respectively. Carimy the experimental barriers
with those obtained by quantum chemicalculations shows that the latter ones are by
approximately 16.5% and 18.6% too high.

We found that in the case of methyl propionate ptigrams, BELGI-G2tops and XIAM,
are suitable to analyze the spectrum almost torerpatal accuracy. The rotational constants
obtained with both programs reasonably agree, hewethey do not agree within the
standard errors. Thab initio A rotational constant differs by 32.6 MHz (0.34%)e B and C
constant match the experimental values almost lxath deviations of-4.5 MHz 0.21%)
and-1.5 MHz 0.08%), respectivel\A better agreement cannot be expected sincealbhe
initio data refer to the equilibrium structure whereas ¢kperimental data yield rotational

constants for the ground vibrational state andarcections have been made. The centrifugal
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Table 1
Spectroscopic constants of methyl propionate refeto thePAM system.

Constant Unit  XIAM BELGI-G-2topd Calc? Exp - Calc. (%)
A GHz  9.515022(35) 9.51687(21) 9.4824 0.0326 (0.84%
B GHz  2.147746(40) 2.148733(52)  2.1522 —0.00452(%)
C GHz 1.811769(35) 1.814411(45) 1.8133 -0.001508%)
A kHz  0.18577(87) 0.18527(61)

A kHz  0.9968(72)

Ax kHz  4.936(40)

d; kHz 0.02803(16)

S« kHz  -0.271(22)

Vi el 429.324(23) 428.537 (15) 509.2 —79.9 (~18.6%)
l,1 uA®  3.15862 (fixedy 3.19871(70) 3.217

OGna)  ° 156.356(19) 154.827(21) 149.86 6.50

OGb)  ° 66.356(19) 64.827(21) 59.86  6.50

OG,0)  ° 90.0 (fixed} 90.0 (fixed) 90.00

Dpi2.],1 kHz 277(29)
Dpi2—,1 kHz —706(13)

S 33.8215 (derived) 33.7595

Vi3 cm'  820.46(99) 819.97 (25) 956.2  —135.7 (-16.5%)
1.2 uA?  3.15862 (fixed) 3.25155(11) 3.161

O(@ia)  ° 32.53(46) 34.4583(22) 33.83 -1.30
O(@ib)  ° 57.46(46) 55.5417(22) 56.17  1.29
O@zc)  ° 90.0 (fixedf 90.0 (fixed) 89.95

S 65.0381 (derived) 64.9988

o/N' kHz  3.4/282 3.3/282

0a/NA®  kHz 3.4/55

oe/Ng1  kHz 2.6/55

0eJNg;,  kHz 3.6/58

0eo/Ngzs  kHz 3.4/57

Oe4/NEg4 kHz 3.4/55

3 BELGI-Cg-2tops constants are transformed into PAM constasitsy egs. 10 - 14 of ref.
® Calculation at the MP2/6-311++G(d,p) level usihg progranGaussian03

¢ With respect to the XIAM fit.

4 Derived from g = 160 GHz (fixed).

° Due to symmetry.

" Standard deviation of the fit / total number ofl.

9 Standard deviation / number of lines of each symyrepecies.

distortion constanta,, Ak, Ak, andd; of XIAM and Dj, Dy, Dk, andd; of BELGI-Cs-2tops
refer to different coordinate systems and cannatiteetly compared. No attempts were made

to obtain these constants by quantum chemical ledicns.
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Spectroscopic constants of methyl propionate obthisith the program BELGI-2Tops.

Operatof Parameter Value / cmi”
J7? A 0.3471830 (48)
32 B 0.0721304 (17)
J° C 0.0605222 (15)
-J A3 6.180(21)10°
-F J° A 30.17(16)10°
-3 Ak 167.2(13)10°
-27(3-35) o 0.9294(50)10°
p1° Fy 5.6417
Py F> 5.60674
P1 P2 Fio -0.5¢"

(1/2)(1‘COS&1) V31

(1/2)(1-cosa)F Va1

428.537 (15)
~0.0002903 (90)

(1/2)(1-cos8z)  Vay 819.97 (25)
Lo h 0.590664(92)
J P2 02 0.54

NY o] r —0053176(56)
J P r -0.0734"

& Operator which the parameter multiplies in thegpamn.

® Notation of eq. (6) and Table 3 of réfexcept forA, B, andC where the prime was removed.

“Value of the parameter obtained from the finalstemuares fit, with one standard uncertainty gi@n
parentheses.

9 Fixed to values calculated from the structure asidg the direction cosines from the XIAM code, at® text.
Note thatF;, is named;;, in eq. (6) of ref?.

5. Conclusion

We report on the rotational spectra of the mostndant conformer of methyl propionate,
CH3;CH,COOCH;, recorded with a Fourier transform microwave smaoeter under
molecular beam conditions. We present accuratetioot constants and centrifugal
distortion constants. For the propioryH3;CH,CO- methyl group and the methoxyCE;
methyl group barriers of 820.46(99) ¢rand 429.324(23) cih respectively, were found. For
spectral analysis two different computer progranesenused, the RAM based code BELGI-
Cs-2tops and the CAM based code XIAM. The resultscarapared. The experimental work
was supplemented by quantum chemical calculati®awdential energy functions for the
rotation of the terminal methyl groups and alsthef entire ethyl group were parametrized.
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Chapter 6

DIETHYL KETONE

Two equivalent rotors and G, frame symmetry

1. Introduction

From the studies on methyl propionate (Chapter B) kmow that the barrier to internal
rotation of the ethyl methyl grouBHs;-CH,-COO-CH; is much lower than in the case of
ethyl acetate (Chapter 1). Therefore, splittings tlu internal rotation of this methyl group
could be resolved to a large extent. The couplinigvo internal rotors with different barriers
were studied and yielded many interesting resdlte methoxy methyl group in methyl
propionate has an immediate barrier to internaition of 428.263(24) cthwhereas the ethyl

methyl group has a high barrier of 817.8(12)"cm

It is interesting to study a similar system, buthaiwo equivalent internal rotors. To create
such a system, we replaced the oxygen atom in fnetiopionate by a ChHgroup and
obtained diethyl ketone, GHCH,—-CO-CH,—CHa. In the studies of Pozdeev et. al. on the
microwave spectrum of ethyl methyl keton@H;—CH,~CO-CHs,' a barrier to methyl
internal rotation of the ethyl methyl group of 786} cm* was found. This barrier is also very
close to the barrier of 817.8(12) ¢rfound for the ethyl methyl group in methyl propéte.
In the case of diethyl ketone, the situation isilsimo ethyl methyl ketone. Therefore, we
expected to be able to resolve the splitting duthéointernal rotation of the two equivalent

methyl groups. We were also interested to find wigther the barrier significantly changes.

Furthermore, like the esters, which were studiedhis thesis, ketones represent a very
important class of chemical compounds in chemisimgustry, and pharmacy. They are
widely used as solvents or intermediates for chahrigactions. Surprisingly, there are only
very few studies on the molecular geometries obkes in the gas phase. The most simple
aliphatic ketone acetone has been investigateddireery early®> Also microwave studies
on trifluoroacetonitand methyl vinyl ketorfehave been reported in the past. To the best of
our knowledge, no larger aliphatic ketones with entltan four carbon atoms have been

studied in the microwave region before. Acetyl anef a ketone with two carbonyl groups,
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and the cyclic ketones acetophendnghenyl aceton&,benzophenong,and 2-indanond
have also been published.

Diethyl ketone is also an interesting molecule eoning its symmetry properties. We were
interested to find out how the two ethyl groups arented. By rotating both ethyl groups
around the OE-C- bonds many geometries of diethyl ketone can besrg¢ed. It is an
interesting question how many geometries corresporehergy minima and which of those
conformers can be observed under molecular beamitamrs. Moreover, it is interesting to
find out, whether the stable conformers hayg C,, or G symmetry or whether they have no
symmetry at all (). We tried to answer these questions by studyiethd ketone by a

combination of MB-FTMW spectroscopy and quantumnaical calculations.
2. Quantum chemistry

In order to predict the conformers of diethyl ketaand their respective rotational constants,
quantum chemical calculations were carried outgusie GaussianO3rogram packag&Ve
started with a planar heavy atom geometry simitarthat one shown in Figure 1 and
optimized it at the MP2/6-311++G(d,p) level of theolhis method and basis set was chosen
since it turned out to be reliable in a numberiofilar cases, e.g. ethyl acetate (Chapter 1),
isopropenyl acetate (Chapter 4) and ethyl pivdfate.contrast to our initial assumption, the
optimized structure was lacking a symmetry pland anG symmetry instead of a.¢
symmetry was obtained. Both ethyl groups weredilégainst each other by an angle of
approximately 24°. This result induced us to sttlay torsional behavior of the ethyl groups
in more detail and we calculated a two-dimensicgrargy surface as a function of the
torsional anglesh; = (O,, Cy, C3, Cy) and ¢, = 0(O,, Cy, Cyo, Ci1). For the atom numbers
see Figure 1. To define the dihedral angle (I(A, B, C, D) we look from C along the CB
bond onto B. If BCD spans the same plane as ABG@, zero. If the BCD plane is rotated
counterclockwise against the ABC plargeis positive, for a clockwise rotation of the BCD
plane against the ABC plang,is negative. With this definition, the geometriepresented
by (@1, §2), (b1, —b2), (d2, 1), and €¢2, —d1) have the same potential energy. We optimized
the geometry withh; and ¢, fixed at certain values in a grid of 10°. The esponding
energies were parametrized with a two-dimensiopatier expansion based on terms, having
the correct symmetry of the anglés, ¢.. The corresponding coefficients are reported in
Table F-1 in the Appendix. Finally, using the Feurcoefficients the energy surface was

drawn as a contour plot given in Figure 2. It iwiobs that in the region centereddat= 0°,
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FIG. 1Geometry of the observed conformer (most stablejathyl ketone with ,, symmetry.

¢, =0° a broad energy minimum exists. To study thidetail, a on-dimensional energy ple
along the diagonal fronp; =-180° ¢, =-180° to ¢, = 180°, ¢, =180° was calculate
(Figure 3). Also here it can be recognized that plgential is very fle in the range
¢1 =¢, =-20° to +20°. We recalculated this region withinrad gf 1° and also plotted tf
result in Figure 3 with an enlarged scale. Cleary minima are found «;=¢,~-12 and
+12°, which correspond to the fully optimized stwe at the MP2/&@11++G(d,p) level o
theory. The local maximum i¢; = ¢, =0° is only 0.3 kd/mol above these minima. We
show an energy plot along the diagonal startingnf¢, =-180°, ¢, =180° to ¢, = 180°,
¢, =-180°. Here, a narrow minimum exi (Figure 4). We repeated the optimization us
density functional theory at the restricted B3LY-311++G(d,p) level. Here, we foul
indeed a @, symmetry. For comparison, we also repeated theilegion of a complete tw-

dimensional energy surface ais level of theory (Figure 5) and two odenensional energ
plots along the same diagonals (Figure 6 and Figwé&he corresponding coefficients
reported in Table R In Figure 6, a broad energy minimum is founduacbd; = ¢, = 0°,

whereas the minima gt = ¢, ~ £12° do not occur.

Finally, we calculated a potential energy curve tfog rotation of the methyl groups, sir
these caused splittings of the rotational lines tedthre-fold hindering potential 3 could
be determined from the experimental datare, we also used the MP23.1++G(d,p) level
of theory. In order to obtain a symmetry plane, diteedral angle¢,; and¢, were set to 0°.
The dihedral angle = [0(Cy, Cio, C11, H14), Which determines the rotation angle of one ef
methyl groups was alsdixed, whereas all other parameters were allowedrdlax.

Calculations were carried out at different anca within a grid of 10° and the data ve
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parametrized with an expansion V s ¥ (V3/2)(cos ) + (Ve/2)(cos @&). The offset \§ was
determined to be —271.045845 Hartreg,i8/10.90 kJ/mol (911.3 ch), Ve is 0.073 kJ/mol
(6.1 cm). The 4 contribution to the three-fold Apotential is less than 1%.

3. Microwave spectrum
3.1. Symmetry labels

We will start this section with some remarks on tla¢orsional symmetry labels used
throughout this chapter. The rotorsional statesmfasymmetric molecule with twaon-
equivalentinternal rotors can be classified within the dinemduct group €“0C:?, where
the subgroups £ and G refer to the symmetry of the torsional wave fumesi of the first
and the second internal rotor, respectiVélfhe symmetry species of the rotorsional states
are AA, AE = Ak + AE,, EA =EA + E,A, EE = EE, + BE,, and EE* = BE, + BE, (see
Chapter 4). For convenience we introduced the aidisgl symmetry labels AA, AE, EA, EE,
and EE*. These labels can still be used in the oadeethyl ketone, in which the two internal
rotors areequivalentdue to the gor G, symmetry of the molecular frame. However, it has
to be considered that the EA states coincide with AE states. Therefore, we will
consistently use the label AE. Summarized, allditaon frequencies split into four torsional
components due to the internal rotation of two egjeint methyl groups. As a consequence,

only quartets instead of quintets could be obsenvelde microwave spectrum.
3.2. Spectral assignment

Two MB-FTMW spectrometers were used for this stutligey were modified versions of

those described in ref*®and ref!® in the experimental setup section.

At the beginning of our experimental studies a Ob@and scan with the spectrometer
described in ref'® in the frequency range from 31.4 GHz to 36.0 GHsswecorded. Only
20 lines were found. In a first step, a predictainthe AA components with a rigid rotor
program was carried out starting with the calcwaatetational constants of the planar
conformer obtained at the MP2 level. By comparimg dbserved and the predicted spectra,
all 20 transitions could be assigned and threetiootal constants were determined with a
standard deviation of 467 kHz. This is in the sarder as the resolution of the spectrometer
when it is used in the scan mode. It should be imead that onlyb-type transitions could be
observed. The centrifugal distortion constants west fitted because the resolution in the

scan mode is in the order of about 500 kHz, mucgjelathan the order of the centrifugal
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FIG. 2 The potential surface of diethyl ketone obtainedditating both ethyl groups calculated at

MP2/6-311++G(d,p) level of theor
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FIG. 3The potential curve along the diagonal shown irure3 from

01 = @2 = —180° top; = ¢, = 180°.
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FIG. 4The potential curve along the diagonal shown irure3 from

(91,92) = (-180°,180°) to ¢1,9,) = (180°-180°).



DIETHYL KETONE

3250 cm’™!

—180 0 180 0 cm’!
0/ —P

FIG. 5The potential surface of diethyl ketone obtaineddtating both ethyl groups calculated at

B3LYP/6-311++G(d,p) level of theor
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FIG. 6 The potential curve along the diagonal shown irure 5from
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FIG. 7The potential curve along the diagonal shown irure 5from
(91,92) = (-180°,180°) to ¢1,9,) = (180°-180°).
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20436.9109
AE 3, <3,
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20437.0037
AA 35 < 3

20436.8619

20436.7900 || EE 35, 312
E:E:{< 321 «— 3]2
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FIG. 8 The 3, « 3, transition of diethyl ketone. The experimental fegon was 4 kHz, the typic:

experimenth line width 24 kHz. The large splitting is due tbe Doppler effect (indicated t

brackets). For this spectrum 74 FIDs wer-added.

distortion constants. In the range from 31.4 GH860 GHz no measureints in the high
resolution mode were carried out, since the linesed out too weak for an analysis of tt
torsional fine structure. However, the observeddittons and the preliminary rotatior
constants obtained from the fit are given in th@éydix in Table F-3.

We used these preliminary rotational constantgédipt the spectrum of the AA species il
of diethyl ketone in the frequency range from 5 Gbl26.5 GHz and measured the predic
transitions directly in the high resolution modith the spectrometer described in r*"*2
(experimental setup section). A typical spectrurshiswn in Figure 8. Almost all lines turn
out to be multiplets. Some lines (also that onesgméed in Figure 8) appeared clearly as

AE, EE, and EE* quaets. Many lines appeared just as triplets due terg small splitting
between the EE and the EE* species (in some casex fthan 1 kHz) and could not

resolved even in the high resolution mode. Dudi® reasonthe line width was in the rang
from 10 to 25<Hz and the line positions could be determined waithaccuracy of about

kHz. This is larger than the usual accuracy whiehcauld achieve with our spectromet

For the analysis of the torsional fine structurecamplete spectrum with all rsional
components was predicted using the XIAM code. first step, we assumed the barrier

both methyl groups to be approximately 80C?, similar to the barrier of thCH3;~CH,—CO



DIETHYL KETONE [/

methyl group in ethyl methyl ketorleThe splittings between the different symmetry sgeec
of the observed and calculated spectra matchedsalexactly. We could assign all lines of
the four species on the basis of these splittifiggally, 54 transitions with 199 torsional
components were fitted using the XIAM code to angdtad deviation of only 3.9 kHz. It
should be noted that most of the lines have avigh of about 20 kHz, much larger than the
line width of 2 kHz at 12 GHz observed for the-10 transition of carbonyl sulfid€.Also in
other compounds additionally broadened lines weuad, e.g. the line width was 12 kHz in
the cases of ethyl acetate (Chapter 1) and alfade (Chapter 2). However, in the case of
diethyl ketone an even bigger broadening was obserMoreover, many lines, even strong
lines, have additional narrow splittings, which at&ibute to magnetic coupling effects of the
10 protons present in the molecule. However, samiltings could also arise from the double
minimum potential calculated on the MP2/6-311++@)devel (see Figure 3). Due to the
broadened lines, the line positions could be datexdhonly with an accuracy of about 4 kHz,
which is by a factor of 2 worse than the accurac® kHz which we achieved in the cases of
allyl acetate and ethyl acetate. However, usingptlogram XIAM, all lines could be fitted
within experimental accuracy. The fitted molecupmrameters are shown in Table 1. A
frequency list of all transitions with their torsi@ components is given in the Appendix
(Table F-4).

4. Results and Discussion

We measured and assigned the rotational spectrutietbfyl ketone. From the experimental
data we determined the rotational and centrifuggibdion constants, as well as the torsional
constants of the methyl groups. The experimentastamts were compared to those obtained
by quantum chemical methods. Moreover, two-dimeraipotential energy surfaces for the
rotation of the two ethyl groups and a potentiaiveufor the rotation of the methyl groups

were calculated by theoretical methods.

An fully optimizedab initio geometry calculated at the MP2/6-311++G(d,p) lefaheory
yielded a geometry without a mirror plane. The fatimnal constant was found to be 76 MHz
too small if compared to the experimental valueerehs the B and the C constant agreed
within 2 MHz. The observed planar moment 1, + I, — I is 0.590 u& smaller than the
calculated value. This is quite unusual, since tueut-of-plane vibrations the experimental
planar moment is expected to be bigger than theulzdéd one. If the same MP2 calculation

is carried out withh; = ¢, = 0° as a constraint, a geometry withadomirror plane is obtained
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Table 1
Molecular parameters of diethyl ketone obtained iy using program XIAM and quantum chemical
calculations.

Para- Unit XIAM MP2Z Obs— MP2 Obs.— DFT Obs.—
meter (Obs.) MP2 MP2 DFT
A GHz 8.89243817(17) 8.876 0.016 8.816 0.076 8.9370.045
B GHz 1.95419705(12) 1956 -0.002.956 -0.002 1.933 0.021
C GHz 1.67014354(12) 1669 0.001 1672 -0.005653 0.017
Ay kHz 0.17346(26)
ANTS kHz 0.5955(44)
Ak kHz 3.9704(86)
Y kHz 0.02473(20)
Ok kHz 0.125(17)
V3 GHz 23141.8(79)

kJ/mol 9.2343(32)

cm? 771.93(27) 911 -139
ly uA? 3.1586 (fixedY
O(i,a) ° 34.12(13) 3477 -0.65 3432 -0.20 33.95 0.17
O@,b)  ° 55.88(13) 55.23 0.65 56.48 -0.60 56.05 -0.37
Og@i,c) ° 90.0 (fixed) 90.0 0.00 96.56 —6.56 89.95 0.05
P uA? 12.849 12.507 0.342 13.439 —0.590 12.262 0.587
Niot 199
c kHz 3.5

& Geometry fixed ab, = ¢, = 0°.
P Optimized geometryg = ¢, = 12°).
¢ Derived from = 160 GHz (fixed).
d —

Pee=la+1p— ;.

and the agreement between observed and calculatational constants has significantly
improved. In this case the A constant is only 162Méb small, and B and C still agree within
2 MHz. Now the experimental planar moment B 0.342 u& bigger than the calculated
value, which is reasonable considering strong &yttame torsions of the ethyl groups.
Finally, a DFT calculation carried out at the B3LU8RB11++G(d,p) level without any
constraint yielded also a geometry withammirror plane. Here, the agreement between the
observed and calculated rotational constants waseatban for the MP2 calculation using the
d:. =, = 0° constraint, however, the observed planar nrmrgrned out to be 0.587 @A
bigger than the calculated one, which is still asmable deviation. Obviously, the
experimental rotational constants are in bettee@gent with a & geometry containing a
mirror plane rather than a,Gtructure without a symmetry plane. For both,,adhd a G
geometry, the dipole moment vector ishidlirection. Therefore, the absenceaefandc-type

transitions does not rule out the existence adtamirror plane.
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Two-dimensional potential surfaces calculated oe MP2 (Figure 2) and DFT level
(Figure 5) predict a very broad global minimum néar= ¢, = 0°. However, if the more
detailed energy diagrams along the= ¢, diagonals are considered, it is found, that in the
case of the MP2 calculation (Figure 3) a doubleimimm potential with a local maximum at
¢1=¢,=0° and two minima ap; = ¢, = +12° exist. These minima correspond to the C
geometry found after optimizing all structure paedens at the MP2 level. Sample
calculations using a simple rotator-on-an-arc madéh an arc ofA¢ =+10° and the rotor
being one ethyl group rotating against a rigid feahave shown, that the lowest torsional
energy level is above the local energy maximumppiraximately 0.3 kJ/mol. Therefore, the
lowest torsional wave function and accordingly, toeresponding probability density has a
maximum atd, = ¢, = 0°. Therefore, theffectivestructure might be £. In contrast to the
MP2 ¢1 = ¢, diagonal, the DFT calculations (Figure 6) showirapte global minimum at
¢1 =, = 0° resulting directly in a £ geometry of the diethyl ketone molecule. HoweVer,
should be mentioned that also here the minimumxieemely broad covering a range of
Ap =+10°.

Internal rotation of two equivalent methyl groupavg rise to a quartet structure of all
rotational transitions. The torsional parametersrewétted to give a Y potential of
771.93(27) cit and an angle between the internal rotor axis ane & axis of
0(i,a) = 34.12(13)°. The Y potential is very similar to the barrier height 295(10) crit
reported for methyl ethyl ketone, but it is 18% &whan the value of 911.3 &npredicted by
guantum chemical calculations carried out at the2Ne&Rel of theory. The anglé(i,a) is in
excellent agreement with the angle of 34.77° caled with the MP2 method using the
¢1 =, = 0° constraint. Both potential curves (Figuren® &igure 6) show local minima at
approximatelyd; = ¢, = 90°. Therefore, at least one other conformerhtnaxist. Checking
these points with harmonic frequency calculatiohghe MP2/6-311++G(d,p) level have
shown that they are saddle points rather than logalma. Even if they would represent
another stable conformer it would be approximat8lykJ/mol above thep; =¢,=0°
conformer and therefore unlikely to be observedeuntholecular beam conditions. This
existence of only one conformer is also supportgedhle fact that almost all observed lines
were assigned to thé¢; =¢, =0° conformer and only a very few weak lines rgmed

unassigned.
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5. Conclusion

The microwave spectrum of diethyl ketone has beatyaed. Almost all lines were split into
narrow quartets in a range from 10 kHz up to 2 Matising from the hindered rotation of the
two equivalent terminal methyl groups. In a globahlysis using the XIAM code, which is
based on the rho axis method, three rotationaltaotss five quartic centrifugal distortion
constants, the torsional barrier of the terminathylegroups, and the angles between the
principal inertial axes and the internal rotor axesre determined. The methyl torsional
barrier was found to be 771.93(27) tnin total, 199 lines were fitted to a standardidgen

of 3.5 kHz. By combining these results with quantahemical calculations it has been
deduced that the diethyl ketone has an effectingctstre with G, symmetry. Whether this
effective structure corresponds to g Gr a G equilibrium geometry is still uncertain. This
might become a subject of future studies with maslganced quantum chemical methods.
However, the potential for the bending motions e ethyl group out of the mirror plane
turned out to be extraordinarily broad. The barteéeinternal rotation of the methyl groups
were found to be in good agreement with the bareeorted for theCH3;-CH,-CO methyl
group of methyl ethyl ketone.
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Chapter 7

ACETONE

New aspects of the internal rotation in acetone

1. Introduction

Acetone is the smallest ketone which plays an ingmbrole in industry and chemistry. It is a
reactant in many syntheses, for example in the goadjon of polymethyl methacrylate
(acrylic glass). Furthermore, acetone is a popstdvent and extractant for natural resin,
colophony, fat, oil etc., and is widely used ad palish remover. In radio astronomy acetone
has been detected in the interstellar space forfithe time in 1987 The complicated
rotational spectrum of acetone has been treateal lby of previous investigations. The first
microwave spectroscopic study on acetone has baeied out already in 1959 by Swalen
and Costaif. Afterwards, many analyses on the spectrum of aeeteere reported by Peter
and Dreizler (1965J,Nelson and Pierce (1965)acherand et al. (1988)Qldag and Sutter
(1992F etc. Two equivalent methyl groups in acetone shrdarnal rotation. The barrier was
determined to be 264.7(8) &m Due to the difficulty to fit the rotational tratisins, new
program codes were written especially for this roole>’ However, there are still many
interesting aspects remaining, for example the awgment of the quantum chemical
calculations and the quality of the fit, the intdran between two methyl groups, and spin-
spin and spin-rotation coupling of six protons, ethcan be investigated in more detail now.
Therefore, we decided to reanalysis the microwgeetsum of acetone in combination with
guantum chemical calculations and compared thenh it closely related molecule,

pinacolone.
2. Quantum chemistry

Theoretical calculations on the structure of acetoave been done very eatfyThe Hartree-
Fock calculations of Bowers and Schéafer using t24@ basis in 1980 suggest three possible
conformers, the eclipsed — eclipsed, staggeredggsted, and staggered - eclipsed confor-
mations’ Considerably fewer attempts have been made toinohite complete two-
dimensional potential energy surface though thedeutations would be very helpful for
studying the strongly coupled large amplitude mugiof the two methyl groups. In the work
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FIG. 1 Optimized structures of acetone at the MEA/6++G(d,p) level.

of Crighton and Belt? some SCF calculations on the potential energyasarfvith a semi-
rigid model and structure optimizations at the &2dasis were carried out. Four years later,
Ozkabak et at* were able to calculate the energy surface witfedifit methods and larger
basis sets, i.e. HF/DZ, HF/6-31G(d,p), and MP2/6{llp). The most recent detailed
calculations are those of Smeyer etZalising the same methods (MP2/HF) and basis set
(6-31G(d,p)). Only seven selected values of theidoal angels were chosen and calculated.
They discussed ellipsoidal rather than circulaemygetic contour lines in the region of the

equilibrium position.

The importance of the methyl torsional interactiams&cetone induced us to recalculate the
energy potential surface with the MP2 method, whictludes corrections for electron
correlation and using a larger basis set 6-311+ k(@ he structure optimization at this level
of theory yielded only two conformers, the eclipstalggered (conformer I) and the eclipsed-
eclipsed conformer (conformer Il) with respect ke tC=0O- bond (Figure 1). Additional
frequency calculations have shown that conformer & saddle point rather than a stable
conformer. The Cartesian coordinates of these cords are reported in the Appendix
(Table G-1)

The two-dimensional energy surface were calcula®d function of the torsional angles
¢1 =0(H2, G, G, Os) and¢, = (Oe, Cs, C7, Hig). The atom numbers are given in Figure 1.
¢1 and¢, were fixed at certain values in a grid of 10° whalll other geometry parameters
were optimized. Due to the approximatg, Gymmetry of the methyl groups, only rotation
angles from 0° to 110° were needed. The energyesaluere parametrized with a two-
dimensional Fourier expansion. The energy surfaze dvawn with these Fourier coefficients
as a contour plot given in Figure 2. The Fourieefioients are given in the Appendix

(Table G-2).
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FIG. 2 The potential energy surface of acetone inbth by rotating both methyl grougsy the
torsional angle$; and¢, calculated at the MP2/6-311++G(d,p) level.

360 864 cm’!

50,0
0.0.0,

360 0cm’

0 180
o/° —

FIG. 3 The potential surface of pinacolone obtaibgdotating the methyl and thert-butyl group

calculated at the basis set as given in Figure 2.

In agreement with Figure 3 of réf, we found clearly non-circular energy minima. Tbis
be considered as a consequence of the strong dtiterebetween the two methyl groups.
Figure 2 shows that the staggered - staggered roefoof ref.’ is the global maximum in
the energy potential surface and conformer | iscall maximum. An interesting result was

found by comparing the potential surfaceacktone with the one of a closely related
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FIG. 5 The energy minimum path of pinacoldfe.
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molecule, pinacolon& where a methyl group is exchanged by the alsos@mmetrictert-
butyl group. In the case of pinacolone, the regiarmund the equilibrium position show
clearly to double minimum structure (Figure 3). & through the energy potential surfaces
was carried out by varying the dihedral angygin a grid of 10° wherea$, was optimized.
Thereby, the energy minimum path can be generatedked with dashed lines in Figure 2
and Figure 3). The potential curves of acetone @indcolone are given in Figure 4 and
Figure 5, respectively, the Fourier coefficient§able G-3. In the case of acetone, a small V
contribution to the potential can be identified.eThptimized structure of conformer II
becomes local maximum and the double minima aretal@ off from this structure. ThegV
potential is more pronounced in the case of pirawml This might be due to the steric
hindering of the bulkytert-butyl group in pinacolone in contrast to the métgsoup in
acetone. However, the barrier to internal rotabbthe methyl group in pinacolone has been
determined to be 121.921(18) ¢/¥ much lower than the value of 264.7(8) tihiound for
acetoné€. Obviously, the interaction between two methyl gr®un acetone is stronger than

between the methyl and thert-butyl group in pinacolone in spite of the steffieet.
3. Microwave spectroscopy

Similar to the case of diethyl ketone, all rotaibtransitions of acetone are split into quartetts
due to the internal rotation of two equivalent nyetiroups. Using a modified version of the
MB-FTMW spectrometer described in réf!® in the experimental setup section, 13
transitions with 51 torsional components were resuszd and fitted with the program XIAM
with 8 independent molecular parameters to a stdmdizviation of 96.9 kHz (Table 1). A list
of all fitted frequencies is given in Table G-4tie Appendix.

Vacherand et al. reported standard deviations dftb2, 266 kHz, 429 kHz, and 499 kHz for
the AA, EE, AE, and EA species, respectively. Thmmetry labels are given in ref. It
should be noted that these symmetry labels aredeatical with our local mode symmetry
labels AA, EE, AE, and EE* described for the cakdiethyl ketone (Chapter 6). A computer
program based on the internal axis method has dieezioped for fitting acetorfeXIAM can

fit the data set to a better standard deviatioto® kHz, however, in both cases the standard

deviation is larger than the experimental accuracy.

A standard deviation which is close to the expentakaccuracy can be achieved by using the
program Erham written by Groner. With this prograb®02 frequencies were fitted to

determine 33 spectroscopic parameters. The dimeles®standard deviation is 1.58.
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Table 1

Spectroscopic constants of methyl propionate refeto thePAM system.

Parameter Unit XIAM Erham®
A GHz 10.186(12) 10.1652172(31)
B GHz 8.516709(15)  8.5151631(18)
C GHz 4.908679(16) 4.9101989(15)
Ak kHz 20.1(18) 10.77(33)
Vs cm* 269.0(10)
kJ/mol  3.218(12)
lo uA? 3.187(14)
0(i,a) ° 29.761(52)
0(i,b) ° 60.239(53)
0(i,c) ° 90.00 (fixed)
Dpizx MHz -1.15(62)
o kHz 96.9 8.8
Niot 51 51

3All other parameters were fixed to the values otetdifrom the fit in ref’.

Therefore, we also fitted our data set with thegpsion Erham. Only the rotational constants

and one centrifugal distortion constdxt were fitted, all other parameters are kept fixed t

the values obtained from Groner’s fit given in refTotally, 51 torsional components could

be fitted to a standard deviation of 8.8 kHz. Tisisomewhat larger than, however, still close

to our experimental accuracy of 2 kHz. Unfortunatedimilar to the case of isopropenyl

acetate (Chapter 4), the potential barriemis not obtained. A list of all fitted frequenciss

given in Table G-5.

It is interesting to compare the Erham fit of aoetavith the fit of pinacolone. The standard

deviation for 134 A species and 44 E species ttiansi of pinacolone is 9.4 and 12.6 kHz,

respectively. Comparing to the standard deviatiod.® kHz achieved for isopropenyl acetate,

in the cases of acetone and pinacolone, the stirtegaction between the methyl groups

within these molecules is not well understood.

There is a further effect which makes acetone rmtegesting. In many transitions, additional

splittings on the order of a few ten kHz were obedr(Figure 6a). In the presence of an

inhomogeneous magnetic field with a maximum of firees the strength of the earth’'s

magnetic field, these splittings vanished or chdnipeir appearance (Figure 6b). In analogy

to the case of isopropenyl acetate (Chapter 4)comeluded that these extra splittings result

proton spin-rotation and spin-spin coupling of 6tpns. In the investigation of Oldag and
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FIG. 6a (left hand-side) Additional splittings diet AA species of the;8« 33 transition of acetone.

These splittings might be due to the proton spin-ep spin-rotation coupling.

FIG. 6b (right hand-side) The splittings vanishiedhe presence of an inhomogeneous magnetic field

of five times the strength of the earth’'s magnésid.

Sutter® the rotational Zeeman effect of acetone in extdigdds up to 2 Tesla was studied for

the AA species. It is surprising that this effeahde observed even under the low external
earth’s magnetic field. Therefore, the spin-rotat@md spin-spin coupling in acetone makes it
a suitable test molecule for further studies irs thwiea, where only few investigations were
carried out so far due to the rather complicatesbm needed to treat six coupled protons.
These splittings also explain why the standard atens obtained by XIAM and also by

Erham are larger than expected. The line positisesl in the fit were the mean values of the

hyperfine multiplets rather than the exact AA spsdiyperfine-free line position.
4. Conclusion

The Fourier transform microwave spectrum of acetas remearsured in the frequency
range from 4 to 26.5 GHz. 51 torsional componeragewitted with the program XIAM and
Erham to a standard deviation of 96.9 kHz and 818, kespectively. The standard deviation
achieved by Erham is close to the experimental racgu Barrier to internal rotation was
determined to be 269.0(10) ¢nby the program XIAM. Additional splittings due pyoton
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spin-spin and spin-rotation coupling could be obsdr The quantum chemical calculations
were improved. The energy potential surface waalcatated with a higher resolution and
larger basis set. The energy minimum path showetbuble minimum potential which

explains the rather oblong than circular minimaioegn the energy potential surface. The
potential surface and energy minimum path were @etwith pinacolone, where a methyl

group is replaced by a stetart-butyl group.
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Discussion

Internal rotation of some esters and ketones with or two methyl internal rotors and
different frame symmetries has been investigatée. \k barriers of the methyl groups which
have been determined are listed in Table I.

The barrier to internal rotation of the acetyl nytroup is much lower than in the case of
the methyl group in acetone, though they are botmd to a carbonyl group. In the case of
ethyl acetate and allyl acetate, the barrier héghiinost 100 cih It is somewhat higher in the
case of isopropenyl acetate (135 9mvinyl acetate (158 cil), and acetone (269 ¢t
however, in comparison to the barrier of 1171.3@4) found for the ethyl methyl group in
ethyl fluoride! these values are clearly much lower. The low bami the acetyl methyl
group in acetates can be explained by symmetryideraion. In the case of the acetate anion,
two mesomeric structures exist (Figure Ill). Theref it has a & symmetry. In combination

with the G, symmetry of the methyl group, a six fold potenéiskes (Figure 1V).

Some molecules with gfotential like toluene and nitromethane have beeestigated. The
barrier to internal rotation is often very low imose cases. For nitrometha@#;—NO,, a Vs
barrier potential of 2.098(11) ¢hwas reported by Tannenbaum ef already in 1954 and
improved by Sgrensen et al. (2.099649(10)x80 years latet? In toluene, @Hs—CH3,> and
its derivatesp-chlorotoluene, Cl-gH,—~CH3° and p-fluorotoluene, F-@H,~CHs,"® the
methyl groups also has very low barriers to interaation of 4.876(35) cihy 4.872(14) crit,
and 4.7700(63) cih respectively. In 1999, Walker et al. reportedaonearly free internal
rotation of the methyl group ip-tolualdehyde CH3;-CgH,—CHO, though the presence of the
aldehyde group makes the; Werm to be non-zerd.A global fit of approximately 800
transitions using the program Belgs@as carried out to determine thg &hd \4 barrier to
be 28.370(17) cthand 5.329(26) cih respectively?’

In the case of the acetyl methyl group in acetagegurbation of the ¥potential arises due to
the non-G, symmetry of the COO- ester group. This perturlmaisolarger than in the case of
p-tolualdehyde since the COO- group is attachedctiyréo the methyl group, therefore the
V5 value should be larger than 28 tiound forp-tolualdehyde. However, this could explain
the relatively low barrier of about 100 €nof the acetyl methyl group in acetates in
comparison to the barrier of 1171.3(14) trfound for the ethyl methyl group in ethyl

fluoride!
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Table |

Barriers to internal rotation of the methyl groupsnvestigated esters and ketones

Molecule Structure Symmetry  Program Barrier / cth
XIAM 97.7844(45)

ethyl acetate CH3-COO-CH-CH3 Cs Belgi-Cs 1061.4(68)

allyl acetate CH5-COO-CH-CH=CH, C XIAM 98.093(12)

BELGI-C, '

vinyl acetate CHs-COO-CH=CH Cs XIAM 157.78(13)
Erham '

isopropenyl i i _ XIAM 135.3498(38)

acetate CHsCOO-CLH3)=CH, = Erham 711.7(73)

methyl XIAM 429.324(23)

oropionate  © 13" CHCOOLCH; Cs  BELGICs2tops 820.46(99)

diethyl

ketonye CH3-CHy-(C=0)-CH-CH3; Coy XIAM 771.93(27)

_ XIAM
acetone CH3-(C=0)-CHg3; Cov Erham 269.0(10)

Note: the methyl group marked in boldfdaack, red, blue, andgreen is theacetyl, ethyl, isopropenyl, and
methoxy methyl group, respectively. The barriers to inémotation are given in corresponding colors.

The difference in the barriers found for three rooles containing a double bond, allyl
acetate, isopropenyl acetate, and vinyl acetates, attibuted to the delocalization of
electrons which extends from the vinyl double bémdhe ester group, which increases the
potential barrier in vinyl acetate and isopropeagétate, as discussed in Chapter 4. In the
case of allyl acetate, the vinyl group is not imaal in delocalization and the barrier remains
near 100 cn.

We attribute the different barriers found for thye methyl group in ethyl acetate, methyl
propionate, and diethyl ketone to the electrongeggtof the neighbor group, which will be

discussed later in Chapter 8 in detail.

Rotational constants obtained from quantum chendakiulations were in good agreement
with the experimental data, therefore they couldubed in all cases as good start values for
the spectral assignment. Quantum chemical caloulatwere also helpful for identifying

possible conformers, which is almost impossiblellagsical method like isotopic substitution
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FIG. lll Two mesomeric structures (left-hand si@eyd the G, structure (right-hand side) of the

acetate ion.
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FIG. IV A six-fold potential arises from the combiion of the G, symmetry of the COOgroup and
the G, symmetry of the methyl group.

for the investigated molecules due to the large bemof atoms. However, it should be noted

that in the case of vinyl acetate, methyl propienand diethyl ketone the results of quantum
chemical calculations turned out to be stronglyemhelgnt on the methods and basis sets.
Further investigations should be carried out t@eine the most suitable methods and basis

sets for calculations on esters and ketones.

For almost all molecules (except diethyl keton&) tifree internal rotation programs XIAM,
BELGI, and Erham were used. The programs BELGI &M were compared in the case
of ethyl acetate, allyl acetate, and methyl progtenFor ethyl acetate and allyl acetate, where
the barrier to internal rotation is in the order1d0 cni', XIAM can fit the A species to
experimental accuracy. However, the predictive polee the E species is not satisfactory.
The standard deviation of a global fit carried with XIAM is 18.5 kHz and 54.0 kHz for
ethyl acetate and allyl acetate, respectively, ea®BELGI can fit the whole data set with a
standard deviation of only 2.3 kHz in both caseshke case of methyl propionate, where the
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barrier to internal rotation is intermediate orthigXIAM can fit both, the A and the E species,
in a global fit to experimental accuracy. BELGI smeto have some difficulties in the high

barrier case.

The program XIAM and Erham were used to fit thect@e of vinyl acetate, isopropenyl
acetate, and acetone. In all cases Erham coulthditdata set to experimental accuracy,
whereas XIAM is not suitable for fitting internabtation spectra for the low barrier case.
Unfortunately, it is difficult to extract the bari to internal rotation from the Erham fit.
However, especially for the case of isopropenyltatee where the splitting due to the
propenyl methyl group is in the same order of mtagla as the standard deviation obtained
from the XIAM fit, Erham was a good choice to chdble assignment, since the standard
deviation was only 2.3 kHz if compared to the stadddeviation of 75.5 kHz found in the
XIAM fit.
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B. Nitrogen inversion tunneling

Introduction

The inversion process is well-known in the case¢hef ammonia molecule, NH There, it
describes the tunneling of the nitrogen atom thinailng plane spanned by the three hydrogen
atoms, thereby connecting two energetically eqeivaforms of the molecule. The tunneling
path itself has the shape of a double minimum piaenIn the microwave spectrum,
rotational transitions of a certain symmetry sh@htsngs due to inversion tunneling and for
suitable model potentials the height of the tummgelbarrier can be determined from these
splittings. The effect of inversion is not only faliin ammonia but also in bigger and more
complex molecules or molecular systems like ethyléimamine, hydrazine, some dimers, and

complexes.

Ethylene diamineNH,—CH,—CH,—NH,, has been investigated for the first time by Malikt
and Mgllendaf They reported on two conformers, both of them shgwarge amplitude
tunneling motions corresponding to an interchanfjéhe donor and acceptor roles of the
amino groups. The (+) and (=) energy levels wettedi separately. Inversion splittings of
86.356(21) MHz and 1.564(66) MHz for conformer Hdh respectively, (Figure 1 in re¥.
were observed. Later, theoretical improvements weade and a global fit was carried out on
this interesting system by Merke and Coudehnother molecule with two amino groups,
hydrazine,NH,—NH,, shows three large amplitude motions, namely siger motions of
both amino groups and an internal rotation arolnmedN—-N bond. The first assignment was
carried out by Kasuja et aknd improved by Tsunekawa and Hou§éwn inversion motion
has been found in almost all primary amines likehyleamine, CH-NH,,%° and aniline,
CsHs—NH-.*® Tunneling is not only linked to nitrogen contaigimolecules but it is also
found in several "floppy” molecules like dimers andmplexes. The theoretical studies of
Ohashi and Hougen predicted 25 different possile¢ling motions besides internal rotation
of two methyl groups in methanol dimer, (§bH),.** Assignment of the rotational spectrum
by Lovas et al. has shown thatypeR branchK, = 0 transitions are split into 15 states due to
these tunneling motiorté.0bviously, considerably fewer studies on inverdiomeling have
been reported in comparison to the large numbeinwéstigation on internal rotation.
Furthermore, inversion tunneling often takes placeombination with internal rotation. For

example, the proton inversion in primary amines ialmost all cases combined with internal
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rotation of the primary amino group. Only in vergwf molecules like dimethyl amine,
CHs—NH-CHs,™ and ethyl methyl amine, GHCH,~NH-CHs,** the inversion tunneling at
the nitrogen is not accompanied by internal rotgtes will be discussed later in Chapter 8.
To the best of our knowledge, no further investayaton this type of nitrogen inversion
tunneling has been reported. This induced us tygtuoton inversion tunneling in secondary
amines where, unlike the case of primary amineditiadal internal rotation does not exist.
We started our investigation with diethyl amine,£8H,~NH-CH,—CHjs, a molecule with a
similar structure as diethyl ketone (already disedsin Chapter 6) and then continued with
methyltert-butyl amine, CH-NH—(CHy)s.

Moreover, besides splitting due to large amplitot&ions, there are also effects originating
from the nuclei which cause shifts and splittinfshe energy levels and thereby also of the
spectral lines. These splittings are due to thetdeand magnetic nuclear multipole moments.
Most important are the magnetic dipole moment wh&chesponsible for splittings due to

spin-rotation and spin-spin coupling and the eleajuadrupole moment which causes a

nuclear quadrupole hyperfine structure of the rotat lines.

For the observation of magnetic coupling effects ihecessary that the spin of the coupling
nucleus is bigger than zero, i.e. for nuclei with1/2 ¢H, N, *°F), 1 éH=D, °C, **N), 3/2
°cl, *'cl, ™Br, %'Br), 2, 5/2, ... Some important nuclei are giveneaamples in braces. It
should be noted that théC nucleus has a spin b 0 and does not show any magnetic
coupling effects. Different types of magnetic comglcan occur. In spin-rotation coupling,
the magnetic moment of the nucleus interacts whid tagnetic field generated by the
molecule itself. The origins of this magnetic fiedde partial charges within the molecule
which produce a magnetic field while the molecudéates in space. The coupling energy
depends on the spin state of the nucleus. For lausiwith a spin there are P+ 1 spin states
M, =-l, -1 +1, .., -1,1, which describe the orientation of the nucleuspace. A second
type of magnetic interaction is the spin-spin couqpl where two nuclei interact via their
magnetic moments. Also in this case different caorations of the spin states of the
respective nuclei result in different interactioreggies. The size of the splittings depends on
the nuclear magnetic moments. These are in unitsuolear magnetons 2.7928456 fét,
-0.2831892 for°N, 2.628867 for°F, 0.8574376 for D, 0.702411 fbiC, and 0.4037607 for
14N> At our spectral resolution of typically 2 kHz, adly only splittings or line broadening

due to spin-rotation or spin-spin coupling*sf and°F, which is on the order of 10 kHz, can
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be observed. The magnetic moments of the otheenact too small to cause appreciable
effects. Not only internal magnetic field can imtetr with the nuclear magnetic moment. The
(nuclear) Zeeman effect is an interaction with areal magnetic field. This has been used
as a diagnostic tool for the identification of matia coupling effects in this thesis. When an
inhomogeneous magnetic field with a strength on dhger of the earth’s magnetic field

caused modifications in the hyperfine structureadine then this hyperfine structure was
assumed to be due to magnetic coupling (as disgussehe part on internal rotation).

Generally, the observed splittings were too smalbé analyzed in detail. Therefore, no

theoretical treatment is given here.

In the case of electric quadrupole coupling, a hype structure can be observed if the spin
of the coupling nucleus is bigger than 1/2, l.e.1, 3/2, 2, ... Some basic principles of
quadrupole hyperfine coupling are presented hecause hyperfine splittings appear in the
spectra of all amines due to the electric quadeipobment = 1 of the'*N nucleus. The
origin of the quadrupole coupling is the interactaf the electric nuclear quadrupole moment
with the electric field, or more exact, the elecfield gradient at the site of the nucleus. In an
atom, the electron density around the nucleus pherigal symmetry, the field gradient is
zero, and the same interaction energies are olibéovalifferent orientations of the nucleus
with respect to the electric field. Within a moléguhe situation is usually different. Due to
the chemical bond, the electric field around thel@iuis generally no longer of spherical
symmetry. Therefore, different orientations of theaclei within the electron shells cause
different coupling energies and transitions betwtese hyperfine levels cause a hyperfine
splitting of the rotational lines. The size of thsplitting depends on both, the electric
guadrupole moment of the coupling nucleus and tleetrec field gradient. Since the
quadrupole moments are well known, the analysighef quadrupole hyperfine structure
yields information on the electric field gradierit the site of the respective nucleus and
thereby also on the nature of the chemical bonis @m be easily seen in the case of tae
nucleus in NaCl and in HCI. In NaCl there is aniedmond with an independent dbn with

an almost sperical electronic field distributiordamith a very small field gradient, in HCI the
field distribution is no longer spherical due tac@nsiderable covalent contribution in the
H-CIl bond. However, the size of the coupling eleist mainly governed by the quadrupole
moments of the nuclei, which are 0.2875 for D, 1.56 fnf for **N, —8.249 fnf for **Cl, and
~78.9 fnf for *2'1.1° In the case of th&N nucleus splittings of the rotational lines on trder

of 1 MHz can be expected, for the other nucleigpltings are accordingly smaller or bigger.
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The theoretical treatment of nuclear quadrupolepting will not be given here in detalil
because it has been treated in many publicatiotisextbooks (e.g. Gordy). However, some
important equations will be given since they haeerbthe basis of the spectral analysis in

this thesis and they provide an exact definitiothef quantities obtained from the fits.

Within the irreducible (spherical) tensor formalisihe quadrupole coupling Hamiltonian can
be written as a scalar product of the second riat gradient tensov® andthe second rank
quadrupole tensa®®.

H No = v® m(Z) (1)
The Hamilton matrix is set up in the coupled baSis J +1 with the rotational angular

momentum vectodd , the spin vectoil , and the total angular momentum vecfor The
values of possiblé quantum numbers are in the ranged¥| |, |J-1|+1, ..., P+1]. The
energy eigenvalues are obtained by direct diagositadin of the Hamilton matrix.

The elements of the field gradient tensor compm‘ehf) can be expressed by the elements

of the Cartesian field gradient tensor. The primdidates that the tensors refer to the

molecule fixed axis system.

ZV(')(Z) = Vz’z’ (2)
VIO =T [2(V,, £iV,,) 3)
V;(ZZ) = \/%(Vx’x’ - Vy'y’ + 2iVx'y’) (4)

The constanteQ\,« etc. are identical to the quadrupole coupling tams x, -« etc. Hereg

is the charge of the electron a@dthe nuclear quadrupole moment. The complete nuclea
guadrupole coupling tensor is traceless, Y&+ Xob— Xcc = 0, and symmetric, i.&ap = Xba
Xbc= Xecb» Xac= Xca- IN @ first order approximation, the quadrupolegng energy depends
only on the diagonal elements of the coupling teneerefore only two linear combinations
of Xaa Xbb, @Nnd Xec are needed. For this purpose, offiere xop+ Xec @nd Y- = Xop— Xec are
used. The off-diagonal elemengg,, Yoo, and xac contribute only in second order to the
quadrupole coupling energy. They are associatdu ait= 2 matrix elements. Their effect is
usually observed for strong coupling nuclei onlyjfaear degenerate energy levels enhance
their contribution. This near degeneracy can exas$iveen rotational energy levels of suitable
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symmetry or, as shown in Chapter 8, for inversiaergy levels. The determination of the
complete quadrupole coupling tensor is importanbrder to find its principal axis system
which often reflects the binding situation of thespective nucleus. In the case of diethyl
amine, thez axis of the coupling tensor pointed into the dimt of the lone pair of the
nitrogen atom. The values of the principal coupliognstants depend on the chemical
environment of the nucleus, e.g. on the electramatias of the neighboring atoms.

For comparison with other amines we decided toystbhd quadrupole hyperfine structure of
triethyl amine, (GHs)3N, a molecule related to diethyl amine, where irgtetwo protons
all three protons of an ammonia molecule are repldny ethyl groups. Nitrogen inversion
tunneling does not occur in this case and only Hype splittings can be observed.
Surprisingly, triethyl amine is a symmetric obl&de, whereas ammonia itself is a prolate top.
Methyl tert-butyl amine, a very near prolate tap<£ —0.994), is another molecule which we

studied for both, the nitrogen inversion as wellasts quadrupole hyperfine structure.
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Chapter 8

DIETHYL AMINE

The effects of nitrogen inversion tunneling, methyinternal rotation, and

“N quadrupole coupling

1. Introduction

This chapter deals with another type of large amwi motions, the proton inversion
tunneling which appears in several amines. Mangissuon ammontaand small aliphatic
amines, such as methyl ammethyl amine’ dimethyl aminé, trimethyl amine, and methyl
ethyl aminé have been carried out in the microwave region. fifir@ary amines often show
internal rotation of the asymmetric MHotor whereas the secondary amines might show
proton inversion tunneling at the nitrogen atonoririnvestigations on dimethyl amfhand
methyl ethyl amin& we know that the inversion tunneling of the protamses a splitting in
the order of 2646.0 MHz and 1981.0 MHz, respecyivet all rotational lines. Therefore, it is
interesting to study diethyl amine, GHCH,—~NH-CH,—CHjs, to understand more about this
type of large amplitude motions. Due to its stroefwhich is similar to dimethyl amine and
methyl ethyl amine, inversion splittings on the saonder of magnitude were expected.

Although internal rotation of the methyl groupsnet the main interest in this case, we
expected that the splittings due to internal rotatof the two equivalent methyl groups in
diethyl amine could also be resolved and wouldaase the complexity of the spectra. From
our study on diethyl ketone which has been repart&thapter 6, a barrier to internal rotation
of the methyl groups of 771.93(27) ¢énwas determined. In diethyl amine, the carbonyl
C=0- group was substituted by the secondary amideghbup. It is interesting to find out,
whether the torsional barrier of the methyl groupsignificantly different if compared to
diethyl ketone.

There is a further effect which makes this mole@uen more interesting. TH&\ nucleus
has a nuclear spin ¢f= 1. Due to its electric quadrupole moment, hyipergplittings arise
and have been reported for some amines. Thesgrg@iare usually on the order of 0.5 MHz.
Since the experimental resolution of our spectremistabout 2 kHZ,we expected to be able
to resolve theN quadrupole hyperfine splittings also in the cafediethyl amine.
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2. Quantum chemistry

At the beginning of the experimental work quantumeraical calculations were carried out in
order to obtain initial molecular parameters otlaye amine for spectral assignment purposes.
A fully optimized structure was calculated at th®2/6-311++G(d,p) level of theory using
the Gaussian0O3and Gaussian09program package. The nuclear coordinates refetoed
principal axes of inertia are given in the AppentixTable H-1, the molecular structure is

visualized in Figure 1.

It should be pointed out that all heavy atoms &meat located within one plane. A harmonic
frequency calculation has proven the stationarytptm be a minimum instead of a saddle
point. The rotational constants of A = 17.7066 GBz: 2.1051 GHz, and C = 1.9831 GHz
indicate that diethyl amine is a near prolate tdjh\@n asymmetry parameteriof= —0.9845°
The molecular dipole moment was found to phe=1.089 D with the components
Ma = 0.000 D,y = 0.502 D, andi;. = 0.967 D referred to the principal axes of ireriihea
component is zero due tob& mirror plane which is perpendicular to theaxis and which
contains the nitrogen atom. Additionally, the eliecfield gradient tensor at tHéN nucleus
was calculated at the MP2/6-311++G(d,p) level ebtly. Referred to principal axes of inertia
its elements are,g=-0.6064 a.u., g = -0.2250 a.u., g = 0.8314 a.u.,lg=0.7114 a.u., and
Oab= Ghe = 0. Using an effectivé’N quadrupole moment of 19.41 mbafnthe quadrupole
coupling constants were calculated to bhga=2.766 MHz, xip,=1.026 MHz, X =
—=3.792 MHz,| xoc| = 3.244 MHz, an¢fap = Xac = 0.

3. Microwave spectrum

Due to the low boiling point of only 328.7 K, mixas of 1% of diethyl amine in helium at a
total pressure of 100 kPa could be easily preparetl served as a sample throughout all
measurements. At the beginning, a broadband sctreinange from 14.5 to 16.5 GHz was
recorded. All lines observed were remeasured uridgh resolution conditions. Each
frequency is split into two Doppler components. Width of each single component was
strongly dependent on the respective transitionvever they were always clearly broader
than 1 to 3 kHz which can be achieved with a mdkdike carbonyl sulfide under
comparable conditions.This might be attributed to partly unresolved in& rotation
splittings and hydrogen spin-rotation and spin-gmuapling effects. The microwave spectrum

of diethyl amine was assumed to be similar to fecsum of dimethyl amine extensively
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l Equilibrium structure II \

FIG. 1 Two equilibrium geometrieof diethyl amine corresponding to the two energy maniofh the
nitrogen tunneling process. The princia andc axes of inertia are indicated showing that the lgi

component (red arrow) indirection changes sign upon proton tunne

studied by Wollrab and Laur® The molecule has the same symmetry, a similar oitibe
dipole moment components, and also tunneling sggtarising from an inversion motion
the nitrogen atom werexpected. Moreover, all lines should sho™N quadrupole hyperfin
structure on the order of OMHz and a smaller additional splitting due to th&ernal rotatior
of two methyl groups. From the dipole moment conmgras obtained from the quantt
chemical calculations, thetype spectrum was estimated to be by a factor sifeghger thai

theb-type spectrum, whereastype lines cannot be observed at all.
3.1. Overall rotation and nitrogen inversion tunneing

As mentioned beforeall heavy atoms are cated almost within one plane. The invers
motion can be considered as a tunneling of the ammylrogen from one energy minimum
one side of this plane to an equivalent minimum tba other side of the plane (<
equilibrium structure | and 1l in Fige 1). This causes the lowest vibrational levet (@) to
split into a lower symmetric (+) sublevel and aHhaiantisymmetric £) sublevel. In the
equilibrium geometry, the axis is only approximately perpendicular to thenpl@ontaining
the heavy atomand if the hydrogen atom moves during the tungghrocess, the princip
axesof inertia are not conserveTherefore, Eckart conditions are applied to allcaw

reorientation of the principal axes while the malecundergoes large amplitude motic®

The sign of thec dipole component is exchanged (compare Figure fipgluhe tunneling

motion causing the selection rules - (=) and €) - (+) for thec type transitions. The sic
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FIG. 2 Broadband scan of diethyl amine in the rapfige4.5 to 16.5 GHzQ branchb-type transitions
are marked in blue. The-type transitions are shown as thick lines. They spét into two

components due to proton tunnel

of the b dipole component does not change upon inversiorttadeledon rules (+ « (+)

and () - (-) are obtained fcb-type transitions.

These selection rules can be derived in detailrbymtheoretical methods. Diethyl amine |
a Gs point group symmetry with bc mirror plane. If proton tunneling is forbidden, re is
only one feasible operator, the operi{C,C,)(C.C3)(1 10)(29)(38)(46)(57*. This operator is

abbreviated as A*. For atom labels see Figu

The operator A* has the same effect as a consecajpplication of the operators E* a
(C1Cy)(CC3)(1 10(29)(38)(46)(57), although both individual operat@are not feasible (s
Figure 3). The E operator is a neutral elementexists in every group. No further feasil
operators exist in the case of rigid diethyl amiite . molecular symmetry group iserefore
Cs(M) = {E, A*}.

If proton tunneling at the nitrogen atom is enablieb further operators become feasil
The operator (€C4)(C2C3)(1 10)(28)(39)(47)(56korresponds to a rotation of the we
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FIG. 3 Operator A* with the same effect as a contiee application of the operators E* and
(C1CA)(CC3)(1 10)(29)(38)(46)(57).
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FIG. 4 Operator B with the same effect as a aptinaof the operators (C,)(C,Cs)(1 10)(29)(38)
(46)(57) and proton tunneling (t) at the nitrogémma
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FIG. 5 Operator C* with the same effect as a comsee application of the operators E* and
(23)(45)(67)(89).
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Table 1

The multiplication table of the molecular symmegrpup of diethyl amine. The operatorg,fRR,, + t, and

R, + t are commutative.

E Roa Rop+t Roc+t
E E RZa R2b +1 RZC +1
R2s R2z E Rc+tt Ryp+t
Rop +t R+t Rpc+t E Ro:
R2c + 1 R2c +1 R2b +1 RZE E
Table 2

The character table of the molecular symmetry grfugiethyl amine which is isomorphic to the chaeadable

of the “Four group” (V).

\% E R2a R2b +1 RZC +1 M Trot Tt

A* B C*
A 1 1 1 1 ee +
Ba 1 1 -1 -1 eo -
Bb 1 -1 1 -1 M 00
Bc 1 -1 -1 1 oe

molecule by 180° around theaxes (see Figure 4). This operator will be calleiB operator
throughout this chapter.

Another feasible operator is (23)(45)(67)(89)*, edated as C*. Like A*, this operator can
be considered as a subsequent application of E* @3(45)(67)(89). This operator

corresponds to a rotation of the whole molecule$&@f around the axes (see Figure 5).

There are four feasible elements of ,floppy” didtlaynine, {E, Ra Rop+t, Rc+t}. The
multiplication table (Table 1) shows that theserfelements generate a group, which is
isomorphic to the V-group. Therefore, the molecshanmetry group of diethyl amine should

be identical with the character table of the V-grgtiable 2).

The selection rule for an allowed transition frdme energy levanton is
JLIJ;,LANJndT £0. 1)

The symmetry species of the rotational tunnelingravéunction and the dipole moment

operator obey:
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Table 3

Selection rules for the rotation inversion tramsis of diethyl amine

Y O v, O T, O v, O Te, =A Selection rules
A o A 0 B, 0O By o A =A Ao By, e€ o 00
B, o A 0 B, 0O Be o A =A By » B €0 o o€
A O Ba [l By O By O B, =A Ao By, ee o 00
B, O B, ad B, O B. O B; =A B, - B eo0 - oe
A o A 0 B, 0O B 0 Ba =A AoB. e€ o oe
B, o A 0 B, 0O By 0 B, =A Bs - B, €0 o 00
A 0 B, 0 B, 0O B o A =A Ao B, e€ o o€
Bs 0 B, 0 B, 0O Bp o A =A Bs - B, €0 o 00

My, 0r00 =A (2)

If the representation of the rotation-inversion wdunctionl’,, is replaced by the product

of the representations of the rotational wave fianct,, and the torsional wave functibp ,

one obtaines

rwrol,m O rwtm O r/‘ o rwrol, O rwm =A. (3)

n

The dipole moment vector in the space fixed coatirsystem transforms like, Bthe sign is
changed under the inversion operations A* and The symmetric tunneling wave function
(+) transforms like A (the sign remains for all ogieons) and the antisymmetric functiof) (
transforms like B (the sign changes for operations containing thedling operation t). The

selection rule for all possible combinationsigf andr, are given in Table 3.

Theb-type transitions A~ By and B, -« B are always associated with () (+) and €) -
(-) selection rules for the tunneling sublevels. €hergy differences are the same for {+)
(+) and €£) - (-) transitions (see Figure 6), and therefoitype transitions do not split in the
rotational spectrum. In contrarg-type transitions A~ B. and B - B, are always
associated with (+— (=) and €) < (+) transitions between the tunneling sublevelcAs be
seen in Figure 7 the energy difference betweerfihe- (-) and the £) < (+) is 2AE, if AE
indicates the tunneling splitting of a rotationaleggy level. Therefore, all-type lines are
split by 2AE/h.
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FIG. 7 Selection rules fartype transitions

In the case of dimethyl amine, the separation betwihe (+) and the-J sublevel was
approximately 1.323 GHz causing tleetype lines to split into doublets separated by
2.646 GHz. The selection rules for thdype transitions predict these lines to be unsplit

however, due to Coriolis interaction a narrow $ipig usually below 100 kHz is observed.

For the assignment a broadband scan in the range 4.5 to 16.5 GHz was recorded
(Figure 2). As a first step, a rigid rotor spectrbased on the rotational constants from the
quantum chemical calculations was predicted. Bype Q branch linesl; 5.1 < Jos (marked

in blue in Figure 2) were immediately identifieddanere used to improve the A—(B+C)/ 2
and the B — C rotational constants. In a secongl, ske center frequencies of theype Q
branchJ, ; — Jo; were predicted. Since the inversion splitting waknown at that time, the
calculated spectrum was shifted to higher frequeene@nd at an offset of 0.761 GHz the

observed and calculated spectra matched. This waBrmoed by shifting the calculated
frequencies by the same offset to lower frequencidsere the transitiond], — 1;, and
2;, < 24, were found. Therefore, the splitting of the raiatl lines due to inversion was

found to be 1.522 MHz.
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3.2.%N nuclear quadrupole coupling

All lines of the assigned-type Q branchJ,; < Jo; appear as multiplets with a different
number of lines. The two inversion components«+j—) and (-} (+) of the 1; « 1y
transition are sextets. Fdr= 2 toJ = 5 septets were found and fbr 5 only triplets could be
measured. Therefore, we attribute these splittiog¥N hyperfine quadrupole coupling. It
was surprising that even far = 5 septets could be observed, since the intemditthe

F < F+1 transitions should be only 1.09% of the totaltiplet intensity.

3.3. Methyl internal rotation

All components of thé’N quadrupole hyperfine multiplets were split agaito triplets.
These splittings are on the order of 20 kHz, whscthe same order of magnitude Fliege et al.
have reported for ethyl fluorid8. Therefore, we conclude that also in the case ethgli
amine the barrier should be on the order of 1171 amin ethyl fluoride. The triplet structure
is often found for molecules with two equivalent thg groups with a high hindering

11
|

potential.~ A typical spectrum is shown in Figure 8.

4. Analysis and discussion

After the structure of the spectrum was roughlyarstbod, a global analysis of the overall
rotation, the N inversion tunneling, and tH8l nuclear quadrupole coupling was carried out
using the progranspfit written by Pickett? For this purpose the effective Hamiltonian was

used.

v>(H +HY +HyoOlasXon ~ xcc))<|

|
QO 1| |1 OD(H +HNQ(Xbc))

I
M"

(4)

<
1
o

|0) and|1) represent the symmetric (+) and the antisymmeétjiinversion state, respectively.

The notation is similar to that used by Christenlét

The operator

Hy =A2+BJ +CE -A,J* -A PP -A T

5, P+ ) - 15,02 (F + ), ©)

with J, =J, £iJ, and the anti-commutator [.. ,...Hescribes the overall rotation and the

centrifugal distortion in terms of Watson’s A retion in the | representatioft’
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FIG. 8. The F: 1— 2 hyperfine component of t 2, — 2;, transition of diethyl amine wit

splittings due to internal rotation of two methybgps. Doppler splittings are marked by bras. For

symmetry labels see chapter 6

The rotational constants A, B, C, and the centafudjstortion constant A, A, Ak, 03, Ok

are assumed to be the same for both|0) and|1) state.

The inversion splitting between t|0) and the{1) energy levels and itbandK dependence is

expressed by the operator

HY =VE+3(=1)"(E,J + E, B2 + E,(& + 3) +E , FF) (6)

The Coriolis coupling operator is connecting |O> and the|1> state. It is given b

HC = Fbc (‘]b‘]c+ ‘1‘]0) ' (7)

Finally, the operator of nuclear quadrupole couplms bot, diagonal and o-diagonal

matrix elements in the inversion quantum nunv. It is represented by the expres:

HNQ = V(2) EQ(Z) ) (8)

V@ andQ® the second rank irreducible tensor operators ofthketric field gradient tens

and the nucleaquadrupole tensor, respectively. Details of treptnuclear quadrupol
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coupling using the irreducible tensor method isegiin ref.’>. Again, the nuclear quadrupole

coupling constantgsg, f, g U{a, b, c} are assumed to be the same for both inversidessta

Matrix elements associated with the diagonal cagptonstantsyaa and xpop — Xec are also

diagonal in the}O} and in thdl} state, respectively. The influence of the off-diagl constant

Xoc is only a second-order effect associated withagperator JJ, + JJ, . Its matrix elements

diagonal in the inversion quantum number are Zieub,as in the Coriolis coupling operator

Hc they are non-zero for matrix element connectireg@h and the|1) state.

It should be noted that the absolute sign of theidi® coupling constant j¢ and the off-
diagonal nuclear quadrupole coupling constgpatcannot be obtained from the experiment
because it depends on how the directions of thecipal axes of inertia are defined. However,

the quantity sign(f) / sign(x,c ), which might be called the relative sign, is kgfined.
Constants associated with the operatdds + JJ, and JJ, + JJ, are zero because the proton

tunneling in diethyl amine is restricted to theplane.

A list of all transitions included in the fit is\@n in the Appendix in Table H-2. The fitted
parameters and a comparison with quantum chematallations are shown in Table 4. The
parameter definition (*.par) file of the prograpfitis also in the Appendix (Table H-3).

All rotational constants agree better than 0.6% whe values obtained by quantum chemical
calculations at the MP2/6-311++G(d,p) level of ttyed his agreement is surprisingly good
because thab initio data refer to the equilibrium geometry of the noale whereas the
experimental constants are obtained for the vibnali ground state and no corrections were
made. The quartic centrifugal distortion constafgs Ay, and &; could be accurately
determined. They have a reasonable order of maigitar this kind of molecules. The
constantsAx and &« were strongly correlated with other parameters aadld not be

determined.

The most important constant associated with thersign tunneling is the separation between
the lowest (v = 0) symmetric and antisymmetric m3i@n energy levels E, a sligitandK
dependence of the level separation is describeu thé constants jEEk, Ex, and k. As in
former studies on amines the constant E was usdetéomine the barrier to inversion using a

double minimum potential. Here, we used a modiftedsion of a potential proposed by
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Table 4

Parameters describing the overall rotation, nitroigeersion, and’N quadrupole coupling of diethyl amine.

Parameter Unit  Obs. Calc. Obs. — Calc.
Overall rotation and centrifugal distortion
A GHz 17.61499170(11) 17.7066 -0.0916 €0.52%)
B GHz  2.103650248(49) 2.1051 -0.0015 €0.07%)
C GHz  1.981332501(47) 1.9831 -0.0018 ¢0.09%)
A, kHz 0.23755(49)
Dk kHz  -3.1638(25)
d; kHz 0.025850(44)
Nitrogen inversion tunneling and Coriolis interamti
E MHz  760.77062(20)
E; kHz 1.6114(64)
Eix kHz —04550(82)
Ex MHz  -0.059444(30)
E, kHz 0.4602(48)
Foc MHz  0.45747(28)
YN quadrupole coupling
Xaa MHz  2.67576(37) 2.766 -0.090 3.4%)
Xoo—Xec ~ MHz  4.34144(65) 4.818 -0.477 €11.0%)
Xbc MHz  2.9199(92) 3.244 -0.324 (11.1%)
Statistical information
N 228
o) kHz 4.4

Table 5

Calculated energy levels and splittings of dietyline.

E'/(kJ/mol) E7/(kd/mol) (E-E")/(kJ/mol) (E-E*)/h
3.402 3.403 0.001 761 MHz
9.880 9.899 0.019 46.6 GHz

15.423 15.816 0.393
19.514 21.521 2.007
24.617 27.732 3.115
31.102 34.612 3.510
Max = 18.31 kd/mol, 1= 1.013534 uA, 8,,, = 54.842°, F/G = 1.5, pa, = 20.

O WNEOIK

Table 6

Potential barrier of proton tunneling in som amines

I, /ul® Omin/° E/MHz  Vmal(kd/mol)
dimethyl amine 1.000681 54.162 1323.0 17.17, 18¥(4
methyl ethyl amine 1.007155 54.528 990.5 17.777°21.
diethyl amine 1.013534 54.842 760.771 18.31
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FIG. 9 The double minimum potential as defined ippAndix | used to describe the invers

tunneling at the nitrogen atom. The a1 0 is the angle of the NH bond against the NCC pl&og

the parameters see Tablelf the inse, the angles for the calculated equilibrium geomstrike

barrier height as determined from tt =0 inversion splitting, and also the inversion levéh blue)

are shown. Each level marked by the v quantum nunsbsplit into a (+) an@ (=) sublevel (see
Table 5).

Weeks, Hecht, and Dennison for amm®® and also used by Penn and Boggs for
inversion tunneling in methyl ethyl amif Details concerning the model and the metho
calculation are given in Appendix |. For thyl amine,a barrier of 18.3 kd/mol was found.
Some splittings of higher tunneling levels (v =21,...) calculated with the same model

given in Table 5.

The shape of the double minimum potential and tiversion energy levels are shown
Figure9. It should be noted that all calculations of thmeersion barrier strongly depend
the model potential and on the equilibrium geomefryhe molecule. Therefore, the bart
determined might contaim rather large systematic errorowever it is useul if it is

compared with inversion barriers of other amindemeined exactly by the same meth

The results for dimethyl amine, methyl ethyl amiaed diethyl amine are given in Table
In all casesthe equilibrium geometry was obtained by quanchemical calculations at ti
MP2/6-311++G(d,p) level of theory. All inversion barriesbtained by the same method w
found within the narrow range of 1 = 0.7kJ/mol, whereas the agreement between

barriers reported earlier is wor
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FIG. 10. Energy level diagram showing the near degse 3], and 3}; levels (27.!MHz) and the

inversion splitting of the 3 level (761.1IMHz) into a symmetric (+) and an antisymmetr-)

inversion stateE/h is the rotatic-inversion energy in frequency units.

4-4
3-3 ——
2.2 313-303
23 43 3-4 32
1 1 1 1
2.0 1.0 0.0 1.0 2.0
Frequency - 14447.951 MHz
4-4
3-3 —
2.0 313-303
2-3 4-3 3-4 3-2
1 | | |
2.0 1.0 0.0 1.0 2.0

Frequency - 15969.806 MHz

FIG. 11.N quadrupole hyperfine structure of th5« 343 transition. Different patterns arise fron

perturbation of the8; level, which interacts with the only by 2° MHz lower 3], level.

The Coriols coupling constant is associated with the opei JJ. +J1J, which has matrix
elements connecting the (+) and tt-) inversion state. In the case of diethyl amine
determination of f is mainly due to a near degeneracy of the energels 3, and 3,

(Figure10). These levels are separated by only MHz.
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FIG. 12. Experimental and calculated (MP-311++G(d,p)) principal axes, y, z of the N
qguadrupole coupling tensor. A part of the moledslelrawn as a projection on tlbc plane. The
bonds ofthe atoms directly bonded to the N atom are drasvihigk lines. The theoretical axes of
coupling tensor and also the theoretical dipole emaimvectop are dotted, the experimenta

determined axes are dashed.

Moreover, the near degeneracy causes a perturtiatibe *N quadrupole coupling splittin
associated with one of these levels. An examrs shown in Figure 11, where for the se
rotational but different inversion transitions difént hyperfine patterns are shown. It shc

be noted that also in other amines such degensramefound, e.g. i*°N-dimethyl amine the
1, and thel], level are separated by MHz and by 204VIHz for the normal speci¢*

However, these values are much bigger and in tbe of**N dimethyl amine no perturbatic

of the nuclear quadrupole hyperfine structure lenlreporte:

The'*N quadrupole coupling constants obtained from thbaj fit may be directly compare
to the quantum chemical results. F, the deviation of thera constant is only-3.4%. In
contrast, theyop — xec and thexi: constants both differ byl11%. Theseather big deviation
might have two reasons: (i) When the constants veateulated from the electric fie
gradient tensor as obtained by quantum chemicalulgdions, an effective!®N nuclear
guadrupole moment of 19.44barn was used. This value degeron the method and ba
set and might be not suitable in this case. (i xbop — Xcc @and thexyc constants are averag
under the influence of the inversion tunneling. Txaa constant is not affected by tf

averaging process since the tunnelingh of the proton is located in tlbc plane. The
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Table 7

Comparison of principal quadrupole coupling constgim MHz) of““N in ammonia and in amines.

Xxx Xvy Xz n
ammonid 2.0421  2.0421 -4.0842 O
methyl aminé 2.4136  1.9805 -4.3941 -0.099
transethyl aminé 2.93 1.75 -4.68 -0.25
dimethyl aminé  3.04 2.01 -5.05 -0.20
diethyl aminé 2.67576 2.30050 -4.97626 -0.075
trimethyl aminé ~ 2.74 2.74 -5.47 0

quinuclidiné' ¥ 25958 25958 -5.1915 O

X2 Xy 2 Xoz (DY definition). Asymmetry) = (v Xoy) / Xoz
2this work,” also called ABCO, 1-azabicyclo[2.2.2]octane.

Table 8

Parameters describing the internal rotation of teethyl groups of diethyl amine.

Parameter Unit Value

Vs kJ/mol 12.5816(68)
cm* 1051.74(57)
GHz 31530(17)

l, uA? 3.172 (fixed)

O(ig,a) ° 35.85 (fixedy

O(iz.a) ° 144.15 (fixedj*

O(ig,b) = O(izb) ° 125.84 (fixed)

O(ig,c) = O(izc) ° 90.87 (fixedj

N¢ 48

o kHz 0.7

# calculated from structure optimized at the MP218-8+G(d,p) level
®O(i,a) = 180-0(i1,a) (due to symmetry).

“number of torsional splittings

dstandard deviation of the fit

quadrupole constants were transformed into itscjpra axes. This allows for comparison
with other amines. The results are shown in Tabl€he y,, value of-4.97626 MHz found

for diethyl amine is in excellent agreement with=-5.05 MHz reported for dimethyl amine.
The corresponding absolute values of ammonia aimdapy amines are usually lower, those
of tertiary amines a slightly higher. Unfortunately some cases the accuracy of the reported
coupling constants is not sufficient for a moreadet comparison. In Figure 12, the

orientation of the principal axes of the couplieggor relative to the principal axes of inertia
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Table 9

Barriers to internal rotation of the methyl groupslependence of the electro negativity.

Molecule Structure Symmetry Barrier/¢m  EN
mr(e;tr%'nate CH3-CH,-COO-CH, Cs 817.1(15)

prop C: 2.55
gftghr?’é CHs3-CHo-(C=0)-CH-CH> Cav 771.93(27)

g'rﬁtlzg' CHa3-CHp-NH-CH,-CH3 Cs 1051.74(57)  N: 3.04
g?g; féhy' CHs-COO-CH-CHs Cs 1061.4(68)  O:3.44
ethyl )
fuoridete  CHaCHxF Cs 1171.3(14) F: 3.98

is shown. The axis of the coupling tensor points into a directwhere the maximum charge
density of the nitrogen lone pair is expected. Eis® agrees nicely with the direction of the
calculated dipole moment vector. To determine taiér to internal rotation, some selected
c-type transitions showing torsional splittings ¢athat one in Figure 8) were fitted with the
program XIAM. Here, the splittingsvee — Vaa, Vee — Vag, and vegg — Vee+ instead of the
absolute line frequencies were fitted. For the naetadure of the torsional substates see
Chapter 6. All other parameters like the rotatiopahstants and the angles between the
internal rotor axes and the inertial axes weredfi@ad only the barrier to internal rotation was
fitted. The result is given in Table 8. A listalf fitted lines is given in the Appendix (Table
H-4).

The barrier to internal rotation was found to beragimately 1050 cf which is in a good
agreement with the barrier of about 1100”cai the methyl group found in ethyl fluoritfe
and ethyl acetate (Chapter 1), but much higher tharvalue of 772 cthfound in diethyl

ketone (Chapter 6)lhe reason for a lower barrier in diethyl ketonegmibe due to the

inductive effect of the carbonyl group (see Table 9
5. Conclusion

From the microwave spectrum of diethyl amine asnm@®d under molecular beam conditions
molecular parameters were determined which allowedeproduce the observed spectrum
within experimental accuracy. The analysis wasiedrout using an effective Hamiltonian

accounting for overall rotation, centrifugal digton, nitrogen inversion, an&N nuclear
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quadrupole coupling. In contrast to previous work dimethyl aminé and methyl ethyl
amine® the inversion splittings of diethyl amine were cfésed with molecular parameters

instead of reporting the splitting of each singl@ational transition.

From the inversion splittings of diethyl amine athbse splittings reported for dimethyl

amine and methyl ethyl amine the barriers to ngromversion were calculated. This analysis
was based on simple model potential and on geonpatrgmeters obtained by the same
guantum chemical methods and basis sets for akthrolecules. As a result, the inversion

barriers were found consistently in a range of ¥7077 kJ/mol.

Due to a near degeneracy of tHeand the3, levels, which are separated by an energy

difference of only 27.5 MHz, it became possibled&iermine the completéN quadrupole
coupling tensor. Thereby, also its principal axesild@ be determined without additional
information from isotopic substitution. This is énésting because ttezeaxis of the coupling
tensor might be associated with the direction @& tbne pair at the nitrogen atom. By
comparison with the results of quantum chemicatudations the influence of vibrational
averaging due to the nitrogen inversion could leatified.

Finally, due to the inherently high resolution oBMFTMW spectroscopy narrow splittings
due to internal rotation of the methyl groups wexsolved and analyzed to give the torsional
barrier of 12.5816(68) kJ/mol.

This work is also considered as a reference faréustudies to be carried out on other amines.
Most parameters have been determined with a higbemracy compared to the studies on
dimethyl amine and methyl ethyl amine. Again, tlesmainly due to the inherently high
resolution of the MB-FTMW spectroscopy, a methodaoltwas not available at the time the
older studies were carried out. It is also due he availability of the easy to use and
extremely flexible programspfit and spcatby Pickett. Finally, it is due to a perturbation
between two rotorsional energy levels. Such pestishs are also found in the other amines,
but there the energy levels do not come as clagether as in diethyl amine. However, it is
believed that remeasurement and reanalysis of geetrm of the other amines will

significantly improve the molecular parameters.
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6. Appendix I: Proton tunneling

In order to obtain the hindering barrier from theserved nitrogen inversion splitting a model
potential was chosen, since the exact potentialtaedunneling path is usually not known.
Several double minimum potentials have been desgrib.g. that of Mannifg or that of
Weeks, Hecht, and DennisbhThe latter one has already been used by Penn aggsHor
the inversion tunneling in methyl ethyl aminand it will also be used here with slight

modifications concerning the boundaries and themi@l offset. The potential is assumed be

periodic in Z.
2
V(B):F—+ZG—2FCOSQ+ZGCOS§ for -nL<é<nL (9)
4G L L
F? -n<@<-nL and
4G nL<é<n

The parametel is determined by the anglési,, where the potential ¥(Omin) = 0.

cos% - (11)
L 4G

F andG are positive parameters. Following the methodesfrPand Bogg®they were fixed
at a constant ratio ¢¥/G = 1.5. However, the following expressions holdbdls the general

case of arbitrar¥/G ratios. The height of the inversion barrier carekpressed as

F2
V_ (§=0)=-—— +4G-2F. 12
w(0=0=1 12)

With this potential the Hamiltonian has the sanetfas in ref’®.

d2
H=-D— +V(@ 13
s ) (13)

The parameted is defined by

hz

o (14)

with the reduced moment of inertia which refers to the rotation of the amine H atoma

circular path around the N atom against the modduame. LikewiseD can be expressed in

frequency units by the rotational constddt=D/h.
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The Hamilton matrix was set up in the basis ofglamar rotor wave functions

|m :\/%T me 2 =1 (15)

and truncated at a certain=m,_,. The matrix elements are given by
(mIH|n) =Dnff(n-m7)
FZ
+[—+ZGJ f(n—-m, L)
4G

—F[f(n-m+1,7m)+ f(n-m-1,7)]
+G|f(n-m+2,7) + f(n-m-2, 7))

+(4F—;+2F+4Gj[f(n—m,ﬂ)—f(n—m,ﬂL)] (16)

with
LA if r=0

LsinrA if rz0. (17

17
f(r,A) :—je"f’de:{

2m -,
The energy eigenvalues were obtained by diagonaizaf the Hamilton matrix using the
Jacobi method. The eigenvalues are labeled’b9 01", 17, 2", 2, ... in an ascending order

of energy.



DIETHYL AMINE

Acknowledgments

We thank Katharina Wiemer and Konstantin Hengsttleir contributions within a student

research project.

Publication statement

Part of this work is published in Journal of Cheahiehysics under H. V. L. Nguyen and W.
Stahl,J. Chem. Phydl35 024310 (2011), doi:10.1063/1.3607992.

References

!G. R. Gunther-Mohr, R. L. White, A. L. Schawlow, . Good, D. K. Cole?hys. Rev94, 1184 (1954).
M. Kreglewski, W. Stahl, J.-U. Grabow, G. Wlodarcz&kem. Phys. Letl96 155 (1992).

3E. Fischer and I. Botskod, Mol. Spectros@1, 116 (1982).

“J. E. Wollrab and V. W. Laurid, Chem. Physt8, 5058 (1968).

°D. R. Lide, Jr. and D. E. Mand, Chem. Phy8, 572 (1958).

®R. E. Penn and J. E. Boggs,Mol. Spectrosat7, 340 (1973).

7J.-U. Grabow and W. Stat, Naturfosch45a, 1043 (1990).

®B. S. RayZ. Phys78, 74 (1932).

°C. Eckart,Phys. Rev47, 552 (1935).

1% . Fliege, H. Dreizler, J. Demaison, D. BoucheBuie, A. Dubrulle J. Chem. Phys/8, 3541 (1983).
Y. Dreizler,Z. Naturforsch16a, 1354 (1961).

24, M. Pickett,J. Mol. Spectroscl48 371 (1991).

3D, Christen and H. S. P. Mullgphys. Chem. Chem. Ph¥s.3600 (2003).

143, K. G. Watson, J. R. Durig (Ed.), Vibrational 8pa and Structure, Vol. 6, Elsevier, Amsterdany, 7.9
W. Gordy and R. L. Cook, Microwave Molecular Spactiohn Wiley & Sons, New York, 1984 2dition,
chapter XV.

8. T. Weeks, K. T. Hecht, D. M. Dennisah,Mol. Spectrosa, 30 (1962).

'D. Consalvo and W. Stahl, Mol. Struct447, 119 (1998).

M. F. Manning,J. Chem. Phys3, 136 (1935).



120

Chapter 9

METHYL tert-BUTYL AMINE

Nitrogen inversion tunneling, **N nuclear quadrupole, and internal rotation

in an almost prolate symmetric top(k = —0.994)

1. Introduction

The investigation on diethyl amine was a strongivation for further studies on secondary
amines. As mentioned in Chapter 8, the proton sigartunneling at the nitrogen atom was
studied only in the cases of dimethyl amtrethyl methyl aminé,and diethyl amine so far.
The resulting inversion splitting of alt-type rotational transitions is 2646.0 MHz,
1981.0 MHz, and 1521.542 MHz, respectively. A pretiton for proton inversion tunneling
is the existence of two equilibrium structures, aedouble minimum potential. Therefore,

transition state of the molecule should have a sgtnnplane.

In the case of methyert-butyl amine only a few geometries can be generdtedto the

symmetry of both the methyl group and tleet-butyl group. The molecule is an isomer of
diethyl amine and can be considered as similairteethyl amine, a similarity as in the case
of acetone (Chapter 7) and pinacoldriEherefore, when we decided to investigate methyl

tert-butyl amine we expected also in this case a sgitiue to nitrogen inversion tunneling.

In Chapter 8, we found that the splitting due tteiinal rotation of two equivalent methyl
groups in diethyl amine could be resolved. Theibawas determined to be 1051.74(57)tm
The comparison in Table 9 (Chapter 8) has showntligabarrier to internal rotation does not
only depend on the structure analogy, but alsohenelectronegativity of the neighboring
group. The splittings due to internal rotation loé imethyl group in methyert-butyl amine
were expected to be in the same order as in the ehsdiethyl amine and, consequently,
should be resolved with our spectrometer. It isredting to determine the barrier, since the
methyl group is attached directly to the nitrogéona and no information about potential

parameter was reported for dimethyl amine and ettgthyl amine.

As in diethyl amine, th&'N nucleus has a nuclear spiniaf 1 and hyperfine splittings on the

order of 0.5 MHz were expected for all rotationalnisitions. With the combination of both
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Equilibrium structure 1 Equilibrium structure I1

FIG. 1 Two equilibrium geometrieof methyl tert-butyl amine corresponding to the two ene
minima of the nitrogen tunneling process. The ppaka andc axes of inertia are indicated showi

that the dipole component (red arrow'c direction changes sign upon proton tunne

effects, quadrupole hyperfine structure and internal rotgtimethyl tert-butyl amine was
expected to show an interesting and complicatestiootal spectrun

2. Quantum chemistry

In order to have reasonable rotational constantstiie spectral assignment, quant
chemical calculations were carried out before therawave spectrum was recorded.
mentioned in the introduction, due to ths, symmetry of thanethyl and thdert-butyl group
only a few start geometries can be generated. &b#ginning, four different start geomett
at the dihedral angle = [(Cyq, C7, N, G) = 180°, 150°, 120°, and 90° (for atom numbers
Figure 1) were optimized at the [2/6-311++G(d,p) level of theory using the progr
Gaussian090nly one conformer was found. The Cartesian doatds are available in Tak
I-1 in the Appendix. The two equivalent equilibriutnustures connected by the tunnel

path are given in Figure 1.

It should be noted that the equilibrium structufemethyl tert-butyl amine has almost as
symmetry if the proton attached to the nitrogemmaie negleted. The rotational conste
were calculated to be A = 4.371GHz, B = 2.6375 GHz, and C = 2.62@%1z. The B and C
constants differ by only 10 MHz. Therefore, mettert-butyl amine is a very near prolate 1
with a Ray’s parameter af = —0.989~ -1.0 Consequently, the coarse structure of
microwave spectrum was expected to be quite clda rotational lines should form grou

of lines, which will be call multiplets from now drexist within narrow frequency rang:
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FIG. 2 The energy minimum path of methtert-butyl amine calculated at the MP-311++G(d,p)

level. The dihedral angle = [0(Cyo, G, N, G) was fixed at different values and all other pastars

were optimized.

This increases the complexity of the spectrum, esiadditional hyperfine splittings in tl
same order of magnitude arise for h single rotational transition due to the elec

quadrupole moment of tH&\ nucleus

In a next step, the energy minimum path was cdledldy varying thedihedral angle
¢ =0(Cy0, G, N, G) at a certain fixed value in a 10° grid while ather parameters we
optimized. Due to the £ symmetry of thetert-butyl group only onehird of a full rotation of
120° was needed. The resulting potential curvédown in Figure 2. The Fourier coefficier
used to parameterize the curve are given in Te-2. The range fromp = —60° to 0° and
¢ =0° to 60° are not symmetric since the equilibriumucture is not exactly s symmetry
due to the proton at the nitrogatom. The energy minima are slightly broader tham
maxima. Comparing to pinacolc®, where the Yratio is approximately 45%, there is alm
no interaction between the methyl and tert-butyl group in this case. Obviously, the

groups are separatetuch more by the secondary amino group than byleoogl group
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FIG. 3The microwave spectrum of metttert-butyl amine in the range from 11 to 20 Gt
The broadband scans are marked with rectanR branch transitions are labeled in rQ
branch in blue. Allc-type transitions appear as doublet (marked withckais). The
frequency range from 15666 to 15671 Mts enlarged and the positions of all rotatic
lines in this area without regard to their inteysite showr

3. Microwave spectrum

The rotational constants calculated by quantum atenmethods were used to predict
rotational spectrum of methtert-butyl amine using a rigid tor program. At the beginnin
a broadband scan in the frequency range from 1H% ® 13.0 GHz was taken using
modified version of the MB=TMW spectrometer described in r'"*®in the experimentz
setup section. Five multiplets were found in threquency range of 1GHz. In addition,

during the spectral assignment process some smaliges were scanned. All scanned rai

are given as rectangles in Figure 3. An exampka@imultiplets in the frequency range fr
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15666 MHz to 15671 MHzb{type R branch 2 <« 1; transitions) is visualized in a enlarge
scale. Only the line positions are indicated with@gard to the line intensity.

Similar to diethyl amine, proton inversion tunneliat the nitrogen atom is possible since
there are also two equivalent equilibrium structuire this case (see Figure 1). The dipole
moment inc direction changes sign upon proton tunneling,alt®mponent is zero due to a
bc mirror plane, and the dipole momentailirection does not change its sign. Therefors, it
expected that alt-type transitions are split into doublet, wherdetype transitions do not
split anda-type transitions do not exist at all. It is difficto predict the value of splittings of
the c-type transitions. However, we expected a splittimgthe order of 1.5 GHz like in the
case of diethyl amine. Further theoretical detase discussed in Chapter 8 and will not be
repeated here.

We tried to assign five multiplets found in the daband scan by comparing the experimental
and theoretical spectrum with regard to the spitf c-type transitions. By trial and error,
the b- andc-type R branch 2— 1 and the>- andc-type Q branch 4 4 could be assigned.
The tunneling splitting ot-type transitions is approximately 1400 MHz. Aftands, only
small scanned ranges were needed to find all otidtiplets within the frequency range from
11 GHz to 20 GHz (see Figure 3). Unfortunately, ¢thgpe 20 (=) « 110 (+) transition,
which should be very intensive, could not be foyed. The position of this transition is
marked with a red question mark in Figure 3. Ahettransitions match almost exactly the
predicted spectrum.

For analysis of the hyperfine structure and metnygrnal rotation, all multiplets were
remeasured in the high resolution mode. A rangabafut 5 MHz for each multiplet was
measured in a step width of 0.25 MHz. A typicalcdpen is shown in Figure 4. Doppler
splittings are marked by brackets.

4. Results and discussion

After the structure of the spectrum was roughly erstbod as indicated in Figure 3, a
preliminary fit containing the overall rotation atite nitrogen inversion tunneling was carried
out using the programpfit written by Picketf. The center of the multiplets was used for the
fit. The fitted parameters are given in the columnl in Table 1, a list of all transitions
included in the fit in Table 2. The parameter diétim (*.par) file of the progranspfitis also
available in the Appendix (Table I-3).
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FIG. 4 A spectrum measured in the high resolution m@agpler splittings are marked |
brackets. Each line appears as «E doublet due tinternal rotation of the methyl grou

For this spectrum 240 FIDs were-added.

The experimental and calculated A, B, and C rotati@onstants are in good agreement
deviations of 29 MHz, 16 MHz, and 11 MHz, respesiyv Thedeviations are below 0.7%
all cases (see Table B.better agreement is not expected since the goanhemical result
refer to the equilibrium structure whereas the expental rotational constants are obtail
for the ground vibrational state. TIseparation between the lowest (v = 0) symmetric
antisymmetric inversion energy levels E was deteedhi to be698.903(99) MHz. Th
predictive power of the fit is high since all mplats could be easily found. Therefore,
assignment can be confirmeglen thouglthe c-type 2 (-) < Lo (+) transition componet

is absent. The reason is still unkno

The splitting of 1397.81(20) MHz of ec-type transitions can be compare with the splitoh
2646.0 MHz, 1981.0 MHz, and 1521.542 MHz found émehyl amine® ethyl methyl
amine? and diethyl amine (Chapter 8), respectively. Thegogen inversion splitting ¢
methyltert-butyl amine is very close to that one of diethylirenand smaller than in the ce
of dimethyl amine and ethyl methyl amine. Aiscussed in Chapter 8, the Hamilton oper
consists of the kinetic and the potential energ,). The V, part is the same for these fc
molecules since the double minimum potential fa& finoton inversion tunneling should

very similar. The kinetic energy includes the regldiecnoment of inertia which is givelry
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Table 1

Parameters describing the overall rotation an@gén inversion of methyért-butyl amine obtained from a

preliminary fit of thespfit program.

Parameter  Unit Fit |1 (Obs.) Fit Il Calc. Obs. — €al
A—(B+C)/2 MHz  1730.126(34) 1730.134(34)
(B+C)/2 MHz 2619.171(69) 2619.112(69)

(B-C)/4 MHz 1.265(54)  -1.207(54)

A? GHz 4.349 4.370  -0.029 £0.67%)
B? GHz 2.622 2.638 -0.016 (0.61%)
C? GHz 2.617 2.628 -0.011 0.42%)
K -0.994 -0.989

E MHz 698.903(99)  698.901(99)

Ex MHz -0.172(18) -0.175(18)

NP 24 24

o MHz 2.8 3.0

 derived parameter.
® humber of multiplets.

lr=>4- k) /(4 + k), where {is the moment of inertia of the molecular framaeTsmaller
the molecule is, the smaller the reduced momennhatia becomes and, consequently, the
bigger the splitting is. Therefore, it appears osable that the largest splitting is observed in
dimethyl amine and the splittings of diethyl amared methyl tert-butyl amine (two isomers)

are close to each other.

The fine analysis of both, the rotational spectamd its**N hyperfine structure turned out to
be a difficult task. Since the Ray’s asymmetry pagter isk =-0.994, which is very close to
-1.0, methyltert-butyl amine is an extremely near prolate top. Theéranch lines are
extremely close to each other and overlap in thygperfine strutures. The transitions labeled
in blue in Figure 3 present only the band headcef} branches. Each component of th€se
branches splits into a multiplet due to i hyperfine structure. Consequently, théranch
lines overlap and assignment is almost impossHlethermore, no identicdfN hyperfine
structures could be found for the (=) (+) and (+)« (=) components of the same rotational
transition. In the case of diethyl amine (Chaptgrit8has been shown that a perturbation of
the 1N quadrupole pattern arises in the case of a negerteracy of two energy levels and
different hyperfine patterns appear for the santaticmal but different inversion states. In the
case of methytert-butyl amine, many energy levels might be degepdralin combination
with the overlapping of many transitions in the cpgm a detailed assignment requires

further investigation and an improved theoreticale.
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Table 2
Observed centers of multipletg.) of methyltert-butyl aminevc,. is the calculated valu®jy,;. — Vca.
values obtained after a fit with prograpfit called Fit | in Table 1c-type transitions are splil, K,, andK. are
the asymmetric top rotational quantum numbemdenotes the inversional sublevels; 0 andv = 1 correspond

to the symmetric (+) state and the antisymmetijcstate, respectively (for more detail see Chapyer

Upper level Lower level VMult. Vmutit. — Vcalc.
J Ky K¢ v J Ky Kg v MHz MHz
3 3 0 O 3 2 1 0 8650.00 0.2
3 3 0 1 3 2 1 1 8650.00 -0.6
2 1 2 0 1 0 1 O 12200.25 1.2
2 1 2 1 1 0 1 1 12200.25 1.0
4 4 0 O 4 3 1 O 12110.75 1.0
4 4 0 1 4 3 1 1 12110.75 -0.2
5 5 0 O 5 4 1 0 15571.00 1.3
5 5 0 1 5 4 1 1 15571.00 -0.2
2 2 0 O 1 1 1 0 15676.50 7.4
2 2 0 1 1 1 1 1 15676.50 6.9
2 2 1 0 1 1 0 O 15668.00 4.0
2 2 1 1 1 1 0 1 15668.00 3.4
3 1 3 0 2 0 2 O 17426.50 -3.3
3 1 3 1 2 0 2 1 17426.50 -3.5
4 4 0 O 4 3 2 1 11410.00 0.7
4 4 0 1 4 3 2 0 12811.00 -0.4
2 1 1 0 1 0 1 1 11511.50 -3.8
2 1 1 1 1 0 1 O 12910.25 =-3.1
5 5 0 O 5 4 2 1 14870.00 2.0
5 5 0 1 5 4 2 0 16273.00 0.1
6 6 1 O 6 5 1 1 18322.00 -4.4
6 6 0 O 6 5 1 O 19032.00 2.4
6 6 0 1 6 5 1 1 19032.00 0.5
6 6 1 1 6 5 1 O 19732.00 2.7

Moreover, it is difficult to distinguish thb and thec axis due to the very near prolate top
properties of methyllert-butyl amine. The identification of tHeand thec axis also depends
on the position of the proton at the nitrogen ataich additionally tunnels back and forth.
It is not clear, whethdp or c-type transitions split into doublets. A secondafds carried out
whereb-type instead ot-type transitions are split. The result is almainiical. The fitted
parameters are given in column Fit Il in Table lljsa of all transitions in Table 3. The
parameter definition (*.par) file of the prograpfitis given in Table I-3 in the Appendix.
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Table 3

Vobs.— Vcalc, Values obtained after a fit with programfit with reference to Fit Il in Table 1. In this cabeype

transitions are split. For all other notes see @&l

Upper level Lower level VMutt. Vmuit. — Veal.
J Ky K¢ v J Ky Ko v MHz MHz
3 3 0 O 3 2 2 0 8650.00 0.1
3 3 0 1 3 2 2 1 8650.00 -1.0
2 1 1 0 1 0 1 O 12200.25 1.0
2 1 1 1 1 0 1 1 12200.25 0.8
4 4 0 O 4 3 2 0 12110.75 0.9
4 4 0 1 4 3 2 1 12110.75 -0.6
5 5 0 O 5 4 2 0 15571.00 1.2
5 5 0 1 5 4 2 1 15571.00 -0.7
2 2 0 O 1 1 0 O 15676.50 7.6
2 2 0 1 1 1 0 1 15676.50 6.9
2 2 1 0 1 1 1 0 15668.00 4.2
2 2 1 1 1 1 1 1 15668.00 3.5
31 2 0 2 0 2 O 17426.50 -3.8
3 1 2 1 2 0 2 1 17426.50 -4.0
4 4 0 O 4 3 1 1 11410.00 1.0
4 4 0 1 4 3 1 O 12811.00 -1.2
2 1 2 0 1 0 1 1 11511.50 -5.4
2 1 2 1 1 0 1 O 12910.25 2.7
5 5 0 O 5 4 1 1 14870.00 2.5
5 5 0 1 5 4 1 0 16273.00 -1.1
6 6 1 O 6 5 2 1 18322.00 -3.5
6 6 1 O 6 5 1 O 19032.00 2.3
6 6 1 1 6 5 1 1 19032.00 -0.1
6 6 1 1 6 5 2 0 19732.00 -4.4

Finally, each single line measured in the high Ikdgan mode has small additional splitting in
the order of 20 kHz as can be seen in Figure 4sdlsplittings are in the same order of
magnitude as the splittings due to methyl interrahtion observed for diethyl amine.
Therefore, we consider these doublets to be A-Bbiétsl due to the internal rotation of the
methyl group. The barrier is expected to be appnaxély 1100 crl, similar to the case of
diethyl amine. An accurate analysis is not possiiié! the'*N hyperfine structure has been

accurately assigned.
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5. Conclusion

The MB-FTMW spectrum of methytert-butyl amine was recorded and analyzed in
combination with quantum chemical calculations. Weéttert-butyl amine is a very near
prolate top withk = -0.994. In the microwave spectrum many rotatiorehgitions overlap.
All rotational transitions show*N hyperfine splittings. Perturbations of these tipljs
caused by near degeneracy of some energy levels thalspectral assignment a difficult task.
Each single line in the spectrum appears as awakr& doublet due to internal rotation of
the methyl group. A preliminary fit including theverall rotation and nitrogen inversion
tunneling was carried out. The splitting of alitype transitions was determined to be
1397.81(20) MHz which is close to the value founddiethyl amine. A detailed assignment
of the spectrum including th&N hyperfine structure, the overlapping rotatio@abranch

transitions, and the internal rotation of the metrgup is in progress.
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Chapter 10

TRIETHYL AMINE

Conformational landscape — the wind mill structurefound in an oblate

symmetric top

1. Introduction

Amines are important derivates of ammonia, where on more protons are replaced by
organic substituents. Small aliphatic amines atenotised in the pharmaceutical, fertilizer
industry, or as solvents. As described in Chaptem@ny studies on ammonia and its
derivates have been carried out in the microwagene Our investigation on diethyl amine,
where two protons in ammonia are substituted byleghoups yielded many interesting
effects. The most interesting effect is the prdtameling at the nitrogen atom, which causes
all c-type transitions to split into doublets. Furthermyathe quadrupole hyperfine splittings
due to the nuclear spin bf 1 of the™N nucleus and the splittings due to the interngdtion

of the two equivalent methyl groups could be resdlvThe barrier to internal rotation has
been determined to be 1051.74(57)cmhe N quadrupole coupling constants were found
t0 be yaa = 2.67576(37) MHZXbp — Xec = 4.34144(65) MHz, andyd = 2.9199(92) MHz. This
motivated us to study triethyl amine, a relatedenole, where all the protons in ammonia are
substituted by ethyl groups. We were intereste¢dmpare the*N quadrupole coupling
constants of this molecule with ammonia and otimeinas (see Table 7 in Chapter 8). It is
also interesting to figure out whether the barteernnternal rotation changes, i.e. whether

splitting of three internal rotors can be observed.

By rotating the ethyl groups, a large number ofedént geometries of triethyl amine can be
generated. To find out which of those geometries stable conformers, which can be
observed under molecular beam conditions, and wéyohmetry the most stable conformer
has, a combination of MB-FTMW spectroscopy and tquanchemical calculations were

carried out for this molecule.

The microwave spectrum of trimethyl amine, a moleeuth very similar structure, was first

studied by Linde Jr. and Mahin 1957 and pursued by Wollrab and Ladriglicrowave
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FIG. 1Geometry of the observed conformer (most stabléjiethyl amine. Only C atoms are label

The nitrogen atom appears in b

spectroscopic results will biompared with those of trimethyl amine. A furthertimation is
the comparative quantum chemical studies on relatelbcules such as triethyl phosphi

triisopropyl amine, and triert-butyl amine.
2. Quantum chemistry

Triethyl amine is a molecule wit22 atoms, which is too large for classical strue
determination by isotopic substitution. A quite lpigmber of geometries is possible, but
all of them are conformers. Quantum chemistry ishedpful method to calculate ti
conformers as well as givj reasonable start values of rotational constamtassign the

microwave spectrum.

In total, 216 different start geometries were a@daby varying three dihedral ang
o1 = 0(Cie, N, &, Gs), a2 =(Cye, N, Gy, Ci2), andas = [(Co, N, G, Cig) in each case from
—120° to 180° in a grid of 60° and calculated udimg progranGaussian0. Atom numbers
are given in Figure 1. The MP2 method and the basis ¢-311++G(d,p) were use

throughout, since it turned out to be reliable imny other molecules studied befi

From 216 start geometries, only 8 conformers werend. Frequency calcttions for
conformer VIII give an imaginary frequency, i.eisttconformer is a saddle point. Ott
conformers are stable. It should be noted thataramdr I, II, 1ll, and VIl exist as a
enantiomeric pair, whereas conformer IV and V hawtructure wittnho possible enantiome
All 7 stable conformers are indicated in Figuran2lependence on its relative energies. T
energy values, dipole moments, and rotational eonstare given in Table 1. The nucl

coordinates in the principal axes system vailable in Table I in the Appendi
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Table 1

The energy values, dipole moments, and rotatiomastants of 7 stable conformers of triethyl an

Conf.

Evp2 rel. E Ha Hb He A B C
Hartree kJ/mo /D /D /D IGHz [GHz [|GHz

I -291.555306 11.631( 0.330 0.264 0.577 3.044 2.010 1.519
Il -291.558563 3.081, 0.261 0.367 0.650 2.931 2.016 1.373
1] -291.559737 0.000C 0.000 0.000 0.781 2.319 2.319 1.326
\Y -291.558893 2.214: 0.000 0.416 0.643 3.387 1.855 1.407
V -291.558517 3.202¢ 0.000 0.303 0.739 3.114 1.941 1.348

VI -291.556593 8.252: 0.560 0.109 0.655 2.956 1.993 1.364
VII -291.551129 22.598. 0.000 0.000 0.488 2.405 2.405 1.754
25

20
. 15
2
£
=
-~ 10
83
<

5

0

| 11 I v V VI VII
Conformers

FIG. 2 Stable conformers of triethyamine. The energy values are relative to the mtstle
conformer Il (-291.55973'Hartree. Only one enantiomer of conformers I, Il, Ill, aml are

indicated.

Conformer 1l is the most stable conformer with 3 symmetric, propelle-like structure (see

also Figire 1). The methyl groups are titled into the diet of the free electron pair at t

nitrogen atom by the same angle of 79.5 °. The @& Bmotational constants are identical ¢

a dipole moment exists only c direction. Triethyl amine is consequgnén oblate top witl
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la=Ip <lc. Conformer VIl is likewise an oblate top with theopeller structure. In this case,
the methyl groups are title against the free ebecair. However, this conformer has an
energy value of 22.6 kJ/mol higher than the onearfformer Ill and is very unlikely to be

observed under molecular beam condition.

3. Microwave spectrum

3.1. Main isotopologue

Conformer 1l is the most stable conformer and ¢feme likely to be observed under
molecular beam conditions, where the rotationalpmture is often very low, approximately
10 K. Since this conformer is an oblate top, th&atronal energy levels can be calculated
easily using the rotational constants from quantimamical results. Using the spectrometer
described in ref-"*2in the experimental setup section, small scarebofit 20 MHz around
the predicted frequency of the transitiods=2«<— 1 and J=3« 2 were recorded.
Approximately 5 MHz broad multiplets were found doethe hyperfine quadrupol splittings
of theN nucleus. These frequency ranges were remeasuteeé high resolution mode in a
grid of 0.25 MHz. A typical spectrum is shown ingkie 3, the complete scan of the
J =3« 2 transition in Figure 4. At the beginning, 10elnof theJ=2+« 1 and 12 lines of
the J= 3« 2 transition were found and fitted with the pragrapfit/spcatby Pickett A
more accurate theoretical spectrum could be prediith the fitted parameters. Further lines
of the transitions) = 4« 3 andJ = 5« 4 could be measured directly in the high resotutio
mode. In total, 48 lines were found, assigned atbedf A list of all transitions in the fit is
given in Table 2, the fitted molecular parametar3able 3. The parameter definition (*.par)

file of the progranspfitcan be found in the Appendix (Table J-2).
3.2.1%C isotopologue

In addition to the rotational spectrum of the m&f6 isotopologue, several lines &iC
isotopologues could be observed. With 6 carbon stamany™*C isotopologues are avaible,
however, some of them are equivalent. They aréstitepologues with°C substituent at the
C,, Gy, and Gg positions and at thesCCy,, and Gg positions. In both cases, the frequency of
occurrence increases from approximately 1.1% t&63.Bherefore, it is possible to measure

these isotopologues in its natural concentration.
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FIG. 3 A typical spectrum of thec3— 2, F—F transition of triethyl amine measured in the high
resolution mode. Doppler splittings are marked tackets.
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FIG. 4 The complete scan of the 8 2, F<F transition of triethyl amine measured in high
resolution mode in a grid of 0.25 MHz.
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Table 2
Observed frequenciesdys) of the main isotopologue of triethyl amingg is the calculated valugpps. — Vcar.
values obtained after a fit with the prograpfit J andK. are the symmetric top rotational quantum numbers,

is the total angular momentum in the coupled baglsF =J +1.

Upper level Lower level

Vobs. Vobs.~ Vcalc.
J K F J K F MHz kHz
2 0 3 1 0 2 9259.5790 15
2 0 2 1 0 1 9259.4630 -2.1
2 0 2 1 0 2 9257.8925 0.5
2 0 1 1 0 1 9262.0870 -0.6
2 0 1 1 0 2 9260.5150 0.6
2 1 1 1 1 0 9261.4380 -0.6
2 1 2 1 1 1 9258.1610 0.2
2 1 3 1 1 2 9259.7895 -0.5
2 1 2 1 1 2 9258.9470 -0.2
2 1 1 1 1 2 9260.2590 0.3
3 0 4 2 0 3 13889.2020 -04
3 0 3 2 0 2 13889.1370 -3.0
3 0 2 2 0 1 13888.8760 -1.7
3 0 3 2 0 3 13887.4530 -14
3 0 2 2 0 2 13891.5010 0.9
3 1 4 2 1 3 13889.2920 2.0
3 1 3 2 1 2 13888.8225 0.8
3 1 3 2 1 3 13887.9805 15
3 1 2 2 1 2 13890.5930 1.1
3 2 2 2 2 2 13887.8685 1.0
3 2 2 2 2 1 13890.4890 -0.5
3 2 3 2 2 3 13889.5535 0.7
4 0 4 3 0 3 18518.7440 -1.6
4 0 5 3 0 4 18518.7830 -2.3
4 0 4 3 0 4 18516.9990 15
4 0 3 3 0 3 18520.9940 0.7
4 1 5 3 1 4 18518.8370 1.2
4 1 4 3 1 3 18518.6245 2.7
4 1 4 3 1 4 18517.3195 3.3
4 1 3 3 1 3 18520.5395 1.7
4 2 5 3 2 4 18518.9895 2.4
4 2 4 3 2 3 18518.2705 -15
4 2 3 3 2 2 18519.1690 -1.9
4 3 5 3 3 4 18519.2390 -04
4 3 4 3 3 3 18517.6805 04
4 3 3 3 3 2 18519.8430 -04
4 3 3 3 3 3 18516.8930 -0.6
5 0 5 4 0 4 23148.2570 -1.8
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Table Z continued

Upper level Lower level

Vobs. Vobs. ~ Vcalc.
J K F J K F MHz kHz
5 1 6 4 1 5 23148.3220 -1.3
5 1 5 4 1 4 23148.2130 3.9
5 1 5 4 1 5 23146.6885 -1.0
5 3 6 4 3 5 23148.6180 -1.1
5 3 5 4 3 4 23147.8115 -0.3
5 3 4 4 3 3 23148.8185 1.6
5 3 5 4 3 5 23148.4380 0.4
5 4 6 4 4 5 23148.8770 -0.9
5 4 5 4 4 4 23147.4645 0.3
5 4 4 4 4 3 23149.3000 0.3

Table 3

Parameters describing the overall rotation ¥hdquadrupole coupling of triethyl amine as welitas*C, and

3¢, isotopologues fitted with the prograspfit

Parameter Unit Main isotopologue Calc. C, isotopologue *°Cs isotopologue

A GHz 2.314873978(11) 2.3194 2.31293315(34) 2.3836@28)
B GHz 2.314873978(11)  2.3191 2.29283301(33) 2.233340)
C GHz 1.3262 (fixed) 1.3262 1.32681(96) 1.32989(18)
D, kHz 0.9619(17) 0.9694(88) 1.369(14)
Dk kHz -1.5885(43) ~3.594(27) 1.988(25)

Yoo MHz -5.2444(07) —-5.2660(40) ~5.947(98)
yoo—yas  MHz 0.0° ~0.257(19)

N 43 16 10

G kHz 1.5 0.5 0.4

& due to symmetry

The Cartesian coordinates of conformer Il wasdfarmed in the principal axes coordinates.
The mass of substitutedC atom was changed to the one of tf@ atom. The rotational
constants were calculated and used as start viysedict the theoretical spectrum with the
programspcat All lines were measured directly in the high te§on mode. In total, 16
transitions of thé*C,- and 10 transitions of tHéCs isotopologue were assigned and fitted. It
should be noted that the molecule becomes asynuiktd to theé”C substituent and is no
more an oblate top. Therefore, the C rotationalstamts could be determined. All fitted
transitions are listed in Table 4 and 5. The mdecparameters can be found in the same
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Table 4
Observed frequenciesdys) of the'®C, isotopologue of triethyl amine. FOEac, Vobs. — Veaie, J, Ka Ke, andF
see Table 3.
Upper level Lower level Vobs. Vobs. — Vealc.
J Ky Ko F J K, K. F MHz kHz
2 1 1 2 1 0 1 2 9191.0185 0.0
2 2 0 3 1 1 0 2 9211.9245 -0.1
2 2 1 2 1 1 1 1 9230.4292 0.1
2 2 1 1 1 1 1 1 9231.7460 -0.1
2 2 1 3 1 1 1 2 9232.0648 -0.2
3 3 0 2 2 2 0 1 13818.1711 -0.9
3 3 0 3 2 2 0 2 13818.4359 0.0
3 3 0 4 2 2 0 3 13818.4991 0.9
3 3 1 3 2 2 1 2 13847.4235 0.3
3 3 1 4 2 2 1 3 13847.8932 -0.1
4 4 0 3 3 3 0 2 18425.8052 -0.5
4 4 0 4 3 3 0 3 18425.9203 1.0
4 4 0 5 3 3 0 4 18425.9581 -0.5
4 4 1 4 3 3 1 3 18463.7852 0.0
4 4 1 3 3 3 1 2 18463.9261 0.1
4 4 1 5 3 3 1 4 18463.9943 -0.2
Table 5
Observed frequenciesds) of the'®c, isotopologue of triethyl amine. FOE,c, Vobs.— Veaie, I, Ka, Ke, andF
see Table 3.
Upper level Lower level Vobs, Vobs.— Veale.
J Ki Ko F J K Ko F MHz kHz
2 1 1 3 1 0 1 2 9067.0450 -0.4
3 2 1 4 2 1 1 3 13602.0519 0.4
3 1 2 2 2 0 2 1 13681.7775 0.0
3 3 0 2 2 2 0 1 13704.4148 -0.6
3 3 0 3 2 2 0 2 13704.6741 0.6
3 3 1 3 2 2 1 2 13786.7173 0.3
3 3 1 2 2 2 1 1 13787.1890 -0.4
3 3 1 2 2 2 1 3 13787.9226 0.1
4 3 1 4 3 2 1 3 18139.2802 0.2
4 3 1 3 3 2 1 2 18139.4766 —0.3

table with the main isotopologue (Table 3). Theapater definition (*.par) files of the
programspfit are also given in Table J-2 in the Appendix.
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4. Discussion

The structure of triethyl amine obtained by micree/apectroscopy yielded some interesting
aspects. Even though this molecule is relativelgdawith 22 atoms, its most stable
conformer is an oblate top. It has the propellarcstre like a wind mill and is thereby chiral.
The triethyl amine propeller can have a clockwisarmti-clockwise direction, dependent on

the respective enantiomer.

The rotational transitions of the main isotopologwe located within several small frequency
ranges and could be found easily in the spectruhresorded lines were assigned and fitted
with a standard deviation of only 1.5 kHz, withimetexperimental accuracy. The A and B
rotational constants calculated on the MP2/6-311(¢h8} level are reasonable start values.
The absolute deviation from the fitted one is ofli¥iHz. Estimation about the C rotational

constant is not possible, since it cannot be deteanfor an oblate top.

The symmetric top character of triethyl amine aloa direct comparison of thg,,
quadrupole constant with other symmetric tops fikeogen trifluoride, ammonia, trimethyl
amine, and quinuclidine (see Table 6). Thevalue of triethyl amine is determined to be
-5.2444 MHz, almost the same as the value®f915 MHz found for quinuclidin®The
corresponding value of5.47 MHz reported for trimethyl amihds slightly higher. It is
interesting to compare this value with the one mironiad and nitrogen trifluoride N&°
which is—4.0842 MHz and-7.903 MHz, respectively. The value of ammonia isimlower
and the one of nitrogen trifluoride much higherisThffect might be due to the different
inductive effect of these substituents. In the cakdriethyl amine and quinuclidine, the
substituents are carbon chains, whereas only thtbyingroups exist in trimethyl amine.
However, all these alkyl substituents have a pasitiductive effect. In the case of ammonia,
the protons have no inductive effect. For nitrog¢r#ffuoride, the negative inductive effect of

the fluor atoms might have influence on the quadieiponstant.

The rotational trantisions of tHé&C isotopologues could be fitted with an excelles@ndard
deviation of lower than 0.5 kHz in both cases. Ahmtational constant is almost the same as
the one of the main isotopologue, however, the Bstamts are appreciably lower. The
difference is 22.1 MHz and 63.6 MHz for th, and the'*Cs isotopologue, respectively.
Unlike the *°C isotopologue, the C rotational constant coulddb&ermined. The values of
other parameters like centrifugal distorsional gunddrupole constants are similar to the main

isotopologue.
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Table 6

Comparison of the,, quadrupole coupling constant (in MHz)*8 in triethyl amine with other symmetric tops.

Xot
nitrogen trifluorid® -7.903
ammonia -4.0842
triethyl amine -5.2444
quinuclidiné -5.1915

trimethyl aminé ~ -5.47
X = Xyy = —0.5);,

Finally, it should be mentioned that no additiosglittings were found in the spectrum. This
means also, that the splittings due to internaltran of the methyl groups are very small and

cannot be resolved even in the high resolution mode
5. Conclusion

Conformational studies with quantum chemistry yeeldor the most stable conformer of
triethyl amine a propeller-like structure belongitagthe point group € which is an oblate
top. The microwave spectrum of this conformer wasigmed and molecular parameters were
determined. The observed spectrum could be repeadudthin the experimental accuracy.
The standard deviation of a global fit with 43 tagaal transitions is only 1.4 kHz.

The propeller-like structure seems to be advantageand therefore typical for related
systems. Quantum chemical studies on similar mé#edike triethyl phosphane, triisopropyl
amine, tri-n-propyl amine, and tiert-butyl amine (see Appendix) yielded this structtoe

the most stable conformers in all cases.

Furthermore, several rotational transitions of tisotopologues3C, and **Cs, could be
measured in the natural concentration and fittetth \ah excellent standard deviation. The
isotopologues are asymmetric top. Therefore, thet&ional constants could be determined.

6. Appendix: Quantum chemical calculations on relad molecules
6.1. Triethyl phosphane

Analogue to triethyl amine, three dihedral angles ((Cyis, P, G, Gs), az =[0(Cye, P, G,
Ci12), andagz =0(Co, P, Gs, Cio) were defined. In this case, only 8 start georestwere

calculated, which were based on the structure adr8ormers of triethyl amine (include the
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{c

Triethyl amine

4

J\*)
Cs

Tri-n-propyl amine - chain  Tri-n-propyl amine - ring Tri-fert-butyl amine

FIG. 5The propeller structure found in triethyl amine aathted molecule

one with imaginary frequency). From these staringetoies, 7 conformers were found. O
one conformer shows imaginary frequency, all otwrformers should exist as stable ot
The most stable conformer of triethyl phosphine th@sknwn propelletlike structure as in
the case of triethyl amine and is consequentlytdate top. However, the ethyl groups are
tilted to the direction of the free electron pdiut located almost in a plane containing

phosphor atom.
6.2. Triisopropyl amine, tri-n-propyl amine, and tri-tert-butyl amine

In the case of triisopropyl amine, the dihedrallaagvere chosen to la; = [0(Cs, N, G, Ha),
az = [0(Cs, N, G4, Hs), andaz =[0(Cy4, N, Gs, Hy) in order to enable a direct comparison v
the confemers of triethyl amine. From 7 start geometriescohformers were foun
Analogous to the case of triethyl phosphine, omg oonformer shows imaginary frequen
whereas all other represent true minima. The straatf the most stable conformer is wn

in Figure 5. Once again, a prope-like structure was found.

The calculations are more complicate in the cade-n-propyl amine. Due to the long alk

chains, a lot of start geometries are possible.réfbee, we started only with the st
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geometries based on the most stable conformerf tiliethyl amine. Two conformers were
found, on the one hand with the zigzag chain strecton the other hand the ring structure.

The propeller structure is conserved in both cases.

For tri-tert-butyl amines, the optimized structures of all &tsgeometries are the same. Only
one conformer, once again with the propeller stmgtcould be found which exists as an
enantiomeric pair. For a better comparison, the tnstgble conformers of all related

molecules are shown in Figure 5. It should be naked all of them are oblate tops. The
energy values, dipole moments, angles of torsiongbengths, and rotational constants of all

conformers are given in Table J-3.
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Summary

Within this thesis five esters, two ketones, angehamines showing two different types of
large amplitude motions, internal rotation and agén proton tunneling, have been
investigated by a combination of molecular beamrieodransform microwave spectroscopy
and quantum chemical calculations. The molecularcgire was characterized in terms of
experimental rotational constants which have bessd wo validate the results from quantum
chemical calculations. The molecular dynamics reenldescribed by the barriers to internal
rotation or inversion. These experimental data waeneplemented by potential curves and
two-dimensional potential energy surfaces obtaimeduantum chemical calculations. Most
results are provided as reference data for astgpdlyresearch, atmospheric chemistry or

general applications in gas phase analytics.

The esters and ketones were selected for différame symmetries and different numbers of
internal rotors. This large variety of moleculessvilportant since they were also considered
as test systems for the three computer programsVXIBELGI, and Erham which treat the
internal rotation problem with different methods.domparative studies the range of potential
barriers, for which reliable results can be expdcteere investigated. The programs BELGI
and XIAM were compared for three molecules, etlvgtate (one rotor, 4, allyl acetate (one
rotor, G), and methyl propionate (two rotorsg)CXIAM is an user-friendly and extremely
fast program. It can be used to fit rotational $@eof molecules with up to three internal
rotors of an intermediate or high barrier to almegperimental accuracy. However, the
program code needs to be improved for the low dacase. For ethyl acetate and allyl acetate,
where the barrier to internal rotation is on thdesrof 100 crit, XIAM can fit the A species

to experimental accuracy but the predictive powettie E species is not satisfactory. BELGI
is also easy to use and has no problem with fitspgctra of molecules with low-barrier
internal rotation. In contrast to XIAM, in the casé methyl propionate with a rather high
barrier to internal rotation of 800 €mMBELGI has shown problems with correlations betwee
some internal rotation parameters. The XIAM codes a0 compared with the Erham code
in the case of vinyl acetate (one rotog),Gsopropenyl acetate (two rotors;)Cand acetone
(two equivalent rotors, £). Erham is very fast, the transitions frequenaas be usually
fitted close to experimental accuracy even forldve barrier case. Especially in the case of

iIsopropenyl acetate, where the splitting due toptfepenyl methyl group is in the same order
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of magnitude as the standard deviation obtained fice XIAM fit, Erham was a good choice
to check the assignment. However, since Erham sedan an effective Hamiltonian, it is
difficult to extract the rotational barrier. Theysical meaning of the fitted parameters is less

clear than in the other two programs.

Methyl acetate has been the only acetate investigat the microwave region so far.
Investigations of four new acetates within thissteehave shown that typically a low barrier
on the order of 100 cihcan be expected for the acetyl methyl group. Shigker barriers
were found for vinyl acetate (158 &nand isopropenyl acetate (135 OnThis is probably
due to electronic effects like delocalization withihe r-electron system which extends from

the vinyl double bond to the ester group.

Comparison of quantum chemical calculations usiffgrént methods and basis sets with the
experimental results (rotational constants, angidseen the internal axes and the principal
axes) have shown, that currently no general purmesthod and basis set for esters and
ketones exists. This became especially clear indise of diethyl ketone and methyl

propionate. Therefore, the results of this thesesadso considered as reference data for future

developments in quantum chemistry.

A combination of three interesting effects, nitrogimversion tunneling*N quadrupole
coupling, and high barrier internal rotation wasirfd in two amines, diethyl amine and
methyl tert-butyl amine. Nitrogen inversion tunneling in sedary amines has been studied
only for dimethyl amine and ethyl methyl amine befoln contrast to previous work, the
inversion splittings were described with molecytarameters using the prograsysit and
spcat by Pickett in a global fit instead of reportingetlsplitting of each single rotational
transition. For diethyl amine, it was the first @nthatthe complete”™N nuclear quadrupole
coupling tensor (i.e. also the off-diagonal cougliconstanty,) could be determined just
from a perturbation due to a near degeneracy of émergy levelswithout additional
information from isotopic substitutiori’N quadrupole coupling was also studied in triethyl
amine, an oblate top molecule with a propeller-lgteucture. Also in this case, quantum
chemical calculations turned out to be very helpfupredict the stable conformers and to
give reasonable start values for spectrum assignreiece many possible conformers can be
generated by rotating the three ethyl groups.
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Zusammenfassung

Im Rahmen dieser Arbeit wurden funf Ester, zwei ddet und drei Amine, die

unterschiedliche Arten einer grof3amplitudigen Beweg namlich der interne Rotation und
der Inversion am Stickstoff zeigen, mit Hilfe einBombination von Molekularstrahl-

Fouriertransform-Mikrowellenspektroskopie und qeschemischen Rechnungen untersucht.
Die molekulare Struktur wurde durch experimentekwgnnene Rotationskonstanten
charakterisiert, die dann zur Validierung der gaanohemischen Rechnungen verwendet
wurden. Die molekulare Dynamik wurde durch Angalee Barrieren der internen Rotation

und der Inversion beschrieben. Diese experimentdlaten wurden durch Potentialkurven
und zweidimensionalen Energieflachen erganzt, digditfe quantenchemischer Rechnungen
erhalten wurden. Die meisten Ergebnisse stellerer@etzdaten fir die astrophysikalische

Forschung, die Atmosphéarenchemie oder allgemeisphgsenanalytische Anwendungen dar.

Die Ester und Ketone wurden nach der Symmetrie derd Anzahl der internen Rotoren
ausgewahlt. Die grofRe Vielfalt an Molekllen war htig, da diese als Testsysteme fur drei
verschiedene Computerprogramme, XIAM, BELGI unddanhdie das Problem der internen
Rotation mit unterschiedlichen Methoden behandelienen sollten. In vergleichenden
Studien wurde der Bereich von Rotationsbarrierénden zuverlassige Ergebnisse erwartet
werden konnen, untersucht. Die Programme BELGI XM wurden fir drei Molekiile,
Ethylacetat (ein Rotor, 4§, Allylacetat (ein Rotor, § und Methylpropionat (zwei Rotoren,
Cs) verglichen. XIAM ist ein benutzerfreundliches uextrem schnelles Programm. Es kann
zur Anpassung der Spektren von Molekllen mit bisdei internen Rotoren mit mittlerer
oder hoher Barriere innerhalb experimenteller Gagkmit verwendet werden. Dieses
Programm muss jedoch fir den Bereich niedriger i®@&m verbessert werden. FUr
Ethylacetat und Allylacetat, wo die Barrieren deternen Rotation eine Grofenordnung von
100 cm* besitzen, kann XIAM die A-Spezies mit experimeletelGenauigkeit anpassen,
jedoch ist die Vorhersagekraft fur die E-Speziehhbefriedigend. BELGI ist ebenfalls leicht
zu verwenden und hat keine Probleme mit der Anpasson Spektren von Molekilen mit
niedriger Barriere. Jedoch zeigten sich bei BEL®@® iGegensatz zu XIAM beim
Methylpropionat, das eine relativ hohe Hinderungseee der internen Rotation von 800 ¢m
besitzt, Probleme mit der Korrelation zwischen géni Parametern der internen Rotation. Das

Programm XIAM wurde fur Vinylacetat (ein Rotorg)CIsopropenylacetat (zwei Rotoren,)C
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und Aceton (zwei aquivalente Rotoren,)Cebenfalls mit dem Programm Erham verglichen.
Erham ist sehr schnell, die Ubergangsfrequenzenéauch fiir den Fall niedriger Barrieren
Ublicherweise mit experimenteller Genauigkeit aragsp werde. Besonders im Fall von
Isopropenylacetat, wo Aufspaltungen, die durchistropenyl-Methylgruppe hervorgerufen

werden, in der gleichen GrolR3enordnung wie die Statabweichung der Anpassung mit
XIAM liegen, stellte Erham eine gute MdglichkeitrzWberprifung der Zuordnung dar.

Erham beruht lediglich auf einen effektiven Hammlyperator, daher ist es jedoch schwierig
aus den Ergebnissen eine Rotationsbarriere zutemhdDie physikalische Bedeutung der

angepassten Parameter ist weniger klar als bebeidlen anderen Programmen.

Methylacetat war das einzige Acetat, das bisherMikrowellengebiet untersucht wurde.
Untersuchungen an vier neuen Acetaten, die im Rahareser Arbeit durchgefiihrt wurden,
zeigten, das fir die Acetyl-Methylgruppe typischeise eine Barriere von 100 ¢nerwartet
werden kann. Einige hohere Barrieren wurden fir ylMicetat (158 ci) und
Isopropenylacetat (135 ¢th gefunden. Dieses beruht wahrscheinlich auf ebeligche
Effekte, wie die Delokalisierung innerhalb deslektronensystems, welches sich von der

Vinyldoppelbindung bis zur Estergruppe erstreckt.

Ein Vergleich von quantenchemischen Rechnungenndieverschiedenen Methoden und
Basissatzen durchgefihrt wurden, mit der experigilem Daten (Rotationskonstanten,
Winkel zwischen der Achse des internen Rotors ued Hauptachsen des Molekils) hat
gezeigt, dass gegenwartig eine Allzweckmethode lew Allzweckbasissatz fir Ester und
Ketone nicht existiert. Dieses wurde besonders iall Ees Diethylketons und des
Methylpropionats deutlich. Deshalb konnen die Emgete dieser Arbeit auch als
Referenzdaten fir zukiinftige Entwicklungen in dea@enchemie angesehen werden.

Eine Kombination von drei interessanten Effektear thversion am Stickstoff, defN-
Quadrupolkopplung und der hochgehinderten inteRetation wurde in zwei Aminen, dem
Diethylamin und dem Methytert-butylamin beobachtet. Die Inversion am Stickstoff
innerhalb von sekundédren Aminen wurde bisher nur 8&mmethylamin und am
Ethylmethylamin  untersucht. Im Gegensatz zu vodegri Arbeiten wurden
Inversionsaufspaltungen am Stickstoff nicht flrgedinzelnen Ubergang berichtet, sondern
mit Hilfe molekularer Parameter beschrieben, dieukerwendung der Programme spfit und
spcat von Pickett in einem globalen Fit erhaltemden. Fur Diethylamin konnte zum ersten
Mal der vollstandige**N-Kerquadrupolkopplungstensor (d.h. einschlieRlidas AuRer-
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diagonalementgi,) bestimmt werden, wobei eine Stérung aufgrund eweahezu entarteter
Energieniveaus ausgenutzt wurde, ohne dass eidzlialse Information durch Isotopierung
erforderlich war. Di¢*N-Quadrupolkopplung wurde ebenfalls am Triethylaneimem oblate

Top mit einer propellerartigen Struktur untersuchAtich in diesem Fall erwiesen sich
quantenchemische Rechnungen zur Vorhersage statileformere und um verninftige
Anfangswerte fur die Zuordnung der Spektren zualégh, als sehr hilfreich, da durch

Drehung der drei Ethylgruppen sehr viele Konformameugt werden kénnen.
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Appendix

Chapter 1

ETHYL ACETATE

Table A-1

Cartesian nuclear coordinates in the principaltiakaxes of thérans (assigned)gaucheandcis conformer of
ethyl acetate calculated at the MP2/6-311++G(a&pIl The atoms are numbered according Figure A-1.

transconformer gaucheconformer
a /A b /A c/A alA b /A c /A
C1 —-0.992923 0.081931 -0.000036 —-0.861495 0.130741 -0.053438
02 —1.179447 1.280087 0.000046 —-0.674647 1.319355 -0.203973
03 0.236786 —0.482697 —0.000085 0.095714 —0.811056 —0.229301
C4 —2.063158 —0.979275 0.000041 —2.159934 —-0.509966 0.363444
H5 —1.953099 -1.613370 —0.882740 —2.387127 —-1.359795 -0.282606
H6 —1.953017 -1.613324 0.882843 —2.060973 —0.882196 1.386728
H7 —-3.043251 -0.504279 0.000076 —2.958556 0.229356 0.320143
C8 1.333536 0.455910 -0.000059 1.406768 —0.308727 -0.568837
H9 1.252861 1.093111 —0.884836 1.906437 -1.160387 -1.032496
H10 1.252733 1.093222 0.884623 1.301058 0.495378 -1.300212
Cl1 2.612330 —0.353021 0.000081 2.149231 0.164334 0.667918
H12 2.668424 —-0.986643 —0.888002 3.165571 0.464762 0.395139
H13 3.473230 0.322070 0.000084 1.644349 1.022266 1.115441
H14 2.668312 —-0.986507 0.888269 2.212297 —0.641839 1.403317
cis conformer
alA b /A c /A

C1 -1.036711 —0.129698 —0.000069

02 —-1.883922 —0.990484 0.000124

03 0.274363 —0.500016 —0.000877

C4 -1.347948 1.352378 0.001530

H5 —0.931708 1.838016 0.887943

H6 —-0.926235 1.841535 —0.880308

H7 —2.430312 1.468033 —0.001423

Cc8 1.309407 0.496426 —0.003542

H9 1.223319 1.122937 —-0.897525

H10 1.219932 1.131599 0.883938

C11 2.629891 —0.246193 0.002652 FIG. A-1

H12 2.712416 -0.881698 —0.881432

H13 3.457310 0.469563 0.000351

H14

2.709339 -0.872417 0.893615
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Table A-2

Observed A species frequenci®¥gfs) of thetrans ethyl acetateV ops. —Vcalc. values as obtained after a fit

with BELGI-Cs and XIAM are given in MHz.

Upper level Lower level Vobs Vobs — Vcale Vobs —Vcale
J Ky K J K K¢ MHz BELGI-Cs XIAM

1 1 O 1 0 1 6785.923(5) 0.002 0.001
2 1 2 1 1 1 7297.734(5) —0.003 -0.002
3 1 2 3 0 3 7761.041(5) -0.005 -0.007
4 1 3 4 0 4 8606.360(5) 0.001 —-0.003
4 0 4 3 1 3 9596.595(5) 0.001 0.002
1 1 1 0O 0 O 10252.843(5) —0.001 -0.002
3 1 3 2 1 2 10937.392(5) 0.002 0.003
6 1 5 6 0 6 11199.529(5) 0.004 —0.000
3 0 3 2 0 2 11432.550(5) 0.001 0.001
3 2 2 2 2 1 11492.364(5) —0.001 0.000
3 2 1 2 2 0 11552.318(5) -0.001 0.000
3 1 2 2 1 1 12028.748(5) 0.001 0.001
7 1 6 7 0 7 13019.715(5) 0.004 —0.000
2 1 2 1 0 1 13719.739(5) 0.001 —0.000
4 1 4 3 1 3 14566.520(5) 0.001 0.002
4 0 4 3 0 3 15174.526(5) 0.000 0.001
8 1 7 8 0 8 15216.818(5) 0.006 0.003
4 2 3 3 2 2 15311.440(5) 0.000 0.002
4 2 2 3 2 1 15460.220(5) 0.001 0.001
4 1 3 3 1 2 16019.842(5) 0.001 0.001
8 2 6 8 1 7 16536.543(5) 0.000 -0.002
3 1 3 2 0 2 17010.480(5) —0.001 -0.001
5 2 3 5 1 4 17664.160(5) 0.001 0.000
5 1 5 4 1 4 18182.484(5) 0.001 0.002
4 2 2 4 1 3 18244.477(5) 0.002 0.000
5 0 5 4 0 4 18860.951(5) 0.002 0.002
5 2 4 4 2 3 19120.494(5) 0.000 0.001
5 3 3 4 3 2 19201.291(5) 0.002 0.002
5 3 2 4 3 1 19209.414(5) -0.003 —-0.001
5 1 4 4 1 3 19993.898(5) 0.000 —0.000
4 1 4 3 0 3 20144.449(5) —0.002 -0.001
10 1 9 10 0 10 20695.264(5) 0.000 0.001
6 0 6 5 0 5 22484.955(5) 0.005 0.005
5 1 5 4 0 4 23152.406(5) -0.002 0.000
6 1 5 5 1 4 23945.168(5) 0.001 0.000
7 4 4 6 4 3 26888.754(5) —0.005 —-0.003
7 4 3 6 4 2 26889.758(5) 0.004 0.005
7 3 5 6 3 4 26916.561(5) -0.002 —0.000
7 3 4 6 3 3 26964.783(5) 0.000 0.001
10 1 9 9 2 8 27092.285(5) —0.003 —0.005
12 3 9 12 2 10 27270.416(5) 0.000 0.001
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Table A-2 continued

Upper level Lower level Vobs Vobs —Vcalc  Vobs —Vcalc
J Ky K J K K¢ MHz BELGI-Cs XIAM
2 2 1 1 1 0 27291.061(5) -0.005 -0.007
7 2 5 6 2 4 27466.643(5) —0.002 —-0.002
19 3 16 19 2 17 27496.512(5) 0.001 0.001
2 2 0 1 1 1 27670.020(5) 0.003 -0.001
7 1 6 6 1 5 27866.926(5) —0.004 -0.002
11 3 8 11 2 9 28286.297(5) 0.006 0.009
9 2 8 9 1 9 28308.881(5) —0.008 —0.005
8 1 8 7 1 7 28935.729(5) 0.001 0.000
7 1 7 6 0 6 28957.711(5) 0.004 0.004
8 0 8 7 0 7 29554.342(5) 0.001 0.001
10 2 9 10 1 10 30218.414(5) 0.001 0.007
9 3 6 9 2 7 30283.488(5) —0.008 —0.005
8 1 8 7 0 7 31846.691(5) 0.002 0.003
9 1 9 8 1 8 32487.266(5) —0.003 -0.002
9 0 9 8 0 8 33021.551(5) 0.000 -0.002
3 3 1 3 2 2 33026.504(5) -0.001 -0.002
10 1 10 9 1 9 36023.500(5) 0.001 —-0.003
4 2 2 3 1 3 36447.434(5) 0.005 0.003
10 0 10 9 0 9 36463.980(5) 0.001 -0.003
Table A-3

Observed E species frequenciegyfs) of thetrans ethyl acetateV ops. —Vcalc. values as obtained after a fit

with BELGI-Cs and XIAM are given in MHz.

Upper level Lower level Vobs Vobs —Vcalc  Vobs —Vcalc
J Ky K¢ J Ky K¢ MHz BELGI-Cs XIAM
3 0 3 2 1 1 6458.119(5) 0.000 0.125
2 1 1 1 1 0 7581.513(5) —0.001 0.011
2 0 2 1 0 1 7598.280(5) —0.001 0.056
2 1 2 1 1 1 7745.219(5)  0.001 —0.033
2 1 2 2 0 2 8288.822(5) —0.002 0.309
1 1 0 0O 0 O 8734.429(5) -0.007 0.007
5 1 5 5 0 5 10306.385(5) -0.013 —0.005
3 1 2 2 1 1 11224.157(5)  0.003 0.057
3 0 3 2 0 2 11371.928(5) 0.000 0.061
3 2 2 2 2 1 11506.388(5) —0.001 —0.005
3 2 1 2 2 0 11518.656(5) 0.000 —0.005
6 1 6 6 0 6 11639.611(5) 0.002 0.009
3 1 3 2 1 2 11734.432(5) 0.000 —0.065
2 1 1 1 0 1 12512.088(5) —0.001 -0.010
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Table A-3 continued

Upper level Lower level Vobs Vobs —Vcale  Vobs —Vcale
J Ky K J Ki K MHz BELGI-Cs XIAM
7 1 7 7 0 7  13325.237(5) 0.003 0.050
5 0 5 4 1 3 14364.854(5) —0.003 0.069
4 1 3 3 1 2 14783.518(5)  0.004 0.087
4 0 4 3 0 3 15111.373(5) —0.001 0.050
4 3 2 3 3 1 15329.916(5) 0.000 0.001
4 3 1 3 3 0 15341.698(5) 0.000 0.001
4 2 3 3 2 2  15363.174(5) 0.000 -0.009
8 1 8 8 0 8 15374.878(5) 0.002 0.096
3 1 2 2 0 2 16137.964(5) 0.001 —-0.010
9 1 9 9 0 9 17788.625(5) 0.003 0.117
9 2 8 9 1 9 17987.557(5) -0.001 -0.294
8 2 7 8 1 8 18165.309(5) 0.000 -0.229
6 0 6 5 1 4 18480.793(5) —0.003 —-0.002
7 2 6 7 1 7 18601.234(5) —0.001 -0.131
5 0 5 4 0 4 18803.029(5) —0.002 0.031
5 4 2 4 4 1 19156.248(5) 0.000 0.005
5 4 1 4 4 0 19171.758(5) —0.006 -0.004
5 3 3 4 3 2 19175.256(5) —0.001 -0.004
6 2 5 6 1 6 19183.428(5) 0.001 —-0.043
5 3 2 4 3 1 19192.643(5) —0.002 —-0.006
5 2 4 4 2 3 19241.271(5)  0.001 -0.016
5 2 3 4 2 2 19265.137(5) —0.001 -0.020
4 1 3 3 0 3 19549.549(5) 0.001 0.013
5 2 4 5 1 5 19801.156(5) 0.000 0.002
10 1 10 10 0 10 20546.779(5) 0.004 0.087
6 1 5 5 1 4 21863.559(5) 0.002 0.072
6 0 6 5 0 5  22436.594(5) -0.002 0.011
5 1 4 4 0 4 22758.828(5) —0.003 0.040
6 4 3 5 4 2 22997.727(5)  0.001 0.000
6 4 2 5 4 1 23017.781(5) —0.002 —-0.006
6 3 4 5 3 3 23029.285(5) 0.001 -0.011
6 3 3 5 3 2 23054.098(5) —0.001 -0.012
6 2 4 5 2 3  23151.313(5) 0.001 -0.028
11 1 11 11 0 11  23607.627(5) -0.003 -0.002
7 1 6 6 1 5 25411.070(5)  0.002 0.057
7 3 5 6 3 4 26893.955(5) 0.000 -0.024
7 3 4 6 3 3 26928.352(5) —0.002 -0.023
7 2 5 6 2 4 27018.654(5) 0.003 -0.034
7 1 7 6 1 6 27694.324(5) —0.001 0.042
8 1 7 7 1 6 28956.043(5) 0.003 0.042
8 0 8 7 0 7 29524.801(5) 0.001 —-0.002
8 1 8 7 1 7 31574.441(5) 0.000 0.045
9 1 8 8 1 7 32493.424(5)  0.001 0.025
9 0 9 8 0 8 32997.738(5) 0.000 —0.000
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Table A-3 continued
Upper level Lower level Vobs Vobs —Vcale  Vobs —Vcalc
J Ki K¢ J K K¢ MHz BELGI-Cs XIAM
10 0 10 9 1 8 34731.359(5) -0.006 -0.197
9 1 9 8 1 8 35411.484(5) 0.000 0.016
10 1 9 9 1 8 36020.824(5) 0.000 0.010
10 0 10 9 0 9 36443.426(5) 0.006 0.007
10 1 9 9 0 9 37732.883(5) 0.004 0.203
10 2 8 9 2 7 38233.402(5) 0.003 -0.065
11 0 11 10 1 9 38586.727(5) -0.007 -0.200
10 1 10 9 1 9 39201.578(5) 0.004 -0.028

Observed splittingsMops.)of transitions otransethyl acetate due to internal rotation of the kthgthyl group;

Table A-4

Vobs.— Vcalc. Values as obtained after a fit with XIAM.

Upper level Lower level Vobs Vobs —Vcalc
J Ky K J K K¢ MHz kHz
1 1 1 0 0 0O |+1,0> 8734.4348

| £1,+1 > 0.0203 -3.4

|+1F1> -0.0265 1.1
1 1 0 1 O 1 |£1,0> 8141.8851

| +1,4#1 > -0.0269 0.8

|+1F1> 0.0209 -1.4
2 1 2 1 0 1 | £1,0 > 12512.0876

| £1,+1 > 0.0234 0.8

|+1F1> -0.0241 25
2 1 1 2 0 2 |+1,0> 8288.8223

| +1,41 > -0.0256 0.0

|+1F1> 0.0182 -2.1
3 0 3 2 1 2 |+1,0> 6458.1190

| £1,+#1 > -0.0254 -1.5

|+1+1> 0.0278 0.3
4 0 4 3 1 3 |£1,0> 10345.3369

| £1,+1 > -0.0222 -1.1

|+1F1> 0.0249 0.3
6 2 4 6 1 5 |+1,0> 19183.4273

| #1,+1 > -0.0487 -1.7

| +1F1> 0.0342 1.3
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Table A-4 continued

CHAPTER :

Upper level Lower level VObs Vobs —Vcalc
J Ki K¢ J K Kc MHz kHz
7 2 5 7 1 6 |+1,0> 18601.2349

| £1,+1 > -0.0485 -2.6

[£1F1> 0.0321 -0.2
8 2 6 8 1 7 |+1,0> 18165.3072

| £1,+1 > -0.0423 -0.2

[£1F1> 0.0262 -2.9
8 4 5 9 3 6 | 0,0 > 11106.2714

| 0,£1 > -0.0198 -1.2
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Chapter 2

ALLYL ACETATE

Table B-1

Some observedtype transitions\{ops) of allyl acetate (not incl. in fit, see text)caic. values are obtained from

a prediction with the program XIAM.

Upper level Lower level Vobs Vobs —Vcale
J Ki Ko J Ky K¢ MHz MHz

2 1 1 1 0 1 11566.832 -0.001
3 1 2 2 0 2 14171.107 —0.004

Table B-2
Calculated geometry parameters in @aussiars internal coordinate system (called standardnbaigon) and in
the principal inertial axes of the assigned confar(econformer I) of allyl acetate. The atoms arehared

according Figure 3.

Gaussianinternal coordinate system principal inertial axes

alA b /A c/A alA b /A c/A

C1 1.467027 0.122172 0.02894C 1.443910 0.064319 0.030854
02 1.655847 1.319410 0.036843 1.659633 1.256802 0.054154
O3 0.238421 -0.438187 —0.088803 0.202738 —0.466682 —0.091075
C4 2.523577 -0.944881 0.150083 2.476470 -1.027718 0.135031
H5 2.336801 —-1.543576 1.044724 2.278367 —-1.633941 1.022134
H6 2.476508 —-1.611091 -0.714159 2.412404 -1.681120 —-0.737852
H7 3.504815 -0.476558 0.211904 3.468137 —0.582419 0.200475
C8 —-0.843356 0.513339 -0.211399 —-0.857644 0.510454 —-0.198172
H9 —0.889045 1.133186 0.688789 -0.887272 1.119114 0.710284
H10 -0.638888 1.163776 —1.067800 -0.640601 1.167494 —-1.046399
Cll -2.100655 -0.27027 —0.400640 —2.132692 —-0.242123 —-0.394481
Cl2 -3.150290-0.174671 0.427751 -3.177970 -0.134024 0.437873
H13 -2.140178 -0.926651 —-1.267683 —2.189000 —0.885832 —1.270055
H14 -4.061668 —-0.736328 0.251891 -4.102161 -0.672673 0.256978
H15 -3.120303 0.473325 1.299609 -3.131374 0.501453 1.318175




APPENDIX B CHAPTER :

Table B-3
Observed A species frequenci®¥gfs) of allyl acetateVops.— Vcalc. values as obtained after a fit with
BELGI-C,.
pper level Lower level Vobs Vobs — Vcac.
Ka K¢ K MHz MHz

8899.210 -0.001

9373.292  0.000

9386.164  0.001

9627.241  0.000

9644.523  0.001

9649.679  0.000

9649.783  0.001

9663.270  0.000

9887.376  0.001

9898.300 -0.001
10663.163  0.005
11182.648 -0.003
11201.637  0.002
11729.275 0.001
12020.039  0.001
12037.091 -0.003
12053.282  0.001
12061.602 -0.001
12061.602 -0.002
12063.718  0.000
12064.078  0.000
12090.701 -0.001
12369.212 -0.001
13162.001  0.001
13402.767 —0.001
13554.565 0.001
14403.657  0.001
14460.461  0.000
14473.555 0.001
14473.555 0.001
14475.263  0.002
14475.263 —0.003
14478.743  0.000
14479.706  0.001
14525.713  0.000
15561.932 -0.002
16886.945 -0.002
16886.945 —0.002
16889.637 -0.010
16889.672  0.010
16894.861 -0.001

U
J
1
3
4
4
4
4
4
4
9
4
3
2
8
5
5
2
5
5
5
5
5
5
5
7
3
7
6
6
6
6
6
6
6
6
6
4
7
7
7
7
7
7 16897.025 0.000
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Table B-3 continued

Upper level Lower level VObs Vobs —Vcalc
J Ka Kc J Ka Kc MHz MHz
9 0 9 8 1 8 16935.998 —0.002
7 1 6 6 1 5 17302.818 0.000
9 2 7 9 1 8 17447.225 0.001
5 1 5 4 0O 4 17663.965 —0.003
8 2 6 8 1 7 17781.213 0.000
8 1 8 7 1 7 18744.102 -0.001
5 2 3 5 1 4 18767.434  0.000
4 2 2 4 1 3 19045.941 -0.003
3 2 1 3 1 2 19280.973 -0.003
8 6 3 7 6 2 19298.738 0.003
8 6 2 7 6 1 19298.738 0.003
8 5 3 7 5 2 19300.866  0.001
8 5 4 7 5 3 19300.866  0.001
8 4 5 7 4 4 19304.883  0.005
8 4 4 7 4 3 19304.918 -0.003
8 3 6 7 3 b5 19312.137 0.003
8 3 5 7 3 4 19316.453 —0.002
2 2 0 2 1 1 19464.381 -0.001
8 1 7 7 1 6 19764.250 0.000
2 2 1 2 1 2 19846.686  0.000
3 2 2 3 1 3 20039.941  0.003
4 2 3 4 1 4 20298.299 0.002
5 2 4 5 1 5 20622.305 0.001
2 2 1 1 1 0 24413.570 -0.001
2 2 0 1 1 1 24543.508 -0.002
10 1 10 9 0O 9 27546.250 0.000
13 0 13 12 1 12 27827.837 -0.001
11 1 11 10 0 10 29457.917 0.004
14 0 14 13 1 13 30492.182 -0.005
5 2 4 4 1 3 31071.094 -0.002
13 3 10 13 2 11 31194.122 -0.004
13 2 12 12 2 11 31240.482 -0.004
13 4 10 12 4 9 31397.523 -0.001
13 4 9 12 4 8 31399.013 0.004
13 3 11 12 3 10 31414.015 0.000
13 3 10 12 3 9 31464.503 0.003
12 3 9 12 2 10 31568.823 -0.001
13 2 11 12 2 10 31839.203 0.006
11 3 8 11 2 9 31881.966 —-0.002
13 1 12 12 1 11 31986.666  0.002
10 3 7 10 2 8 32135.379 -0.001
9 3 6 9 2 7 32333.364  0.002
5 2 3 4 1 4 32417.130 0.001
8 3 5 8 2 6 32482.065 0.003
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Table B-3 continued

Upper level Lower level VObs Vobs — Vcale
J Ka Kc J Ka Kc MHz MHz
7 3 4 7 2 5 32588.785 0.004
6 3 3 6 2 4 32661.306 0.002
14 1 14 13 1 13 32687.731 —-0.001
5 3 2 5 2 3 32707.310 -0.002
4 3 1 4 2 2 32733.932 -0.003
3 3 0 3 2 1 32747.424  0.002
4 3 2 4 2 3 32761.945 0.000
5 3 3 5 2 4 32772.382 0.001
6 3 4 6 2 5 32790.665 0.002
7 3 5 7 2 6 32819.777 -0.003
8 3 6 8 2 7 32863.092 0.000
9 3 7 9 2 8 32924.273  0.000
10 3 8 10 2 9 33007.254 -0.001
14 0 14 13 0 13 33036.797 -0.003
11 3 9 11 2 10 33116.156 -0.004
6 2 5 5 1 4 33162.346  0.002
12 3 10 12 2 11 33255.236  0.006
13 1 13 12 0 12 33292.744  0.002
13 3 11 13 2 12 33428.764  0.005
14 3 12 14 2 13 33641.023 -0.005
15 3 13 15 2 14 33896.223 -0.006
14 1 14 13 0 13 35232.349 0.003
9 2 8 8 1 7 39061.637 —0.003
Table B-4

Observed E species frequenciegyfs) of allyl acetateVops.—Vcalc. values as obtained after a fit with

BELGI-C,.
Upper level Lower level Vobs Vobs — Vcalc
J Ki K¢ J Ki K¢ MHz MHz
1 1 1 0O 0 O 7498.669 -0.002
6 0 6 5 1 5 9407.794 0.001
4 1 4 3 1 3 9550.206 0.001
4 0 4 3 0 3 9594.276 0.000
4 -2 2 3 -2 1 9646.692 0.000
4 2 3 3 2 2 9650.765 0.001
8 -1 7 8 0 8 9687.986 0.002
4 -1 3 3 -1 2 9734.043 -0.001
2 1 2 1 0 1 9910.385 -0.002
2 2 1 3 1 3 10851.832 0.000
3 -2 1 4 -1 3 11002.729 0.001
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Table B-4 continued
Upper level Lower level Vobs Vobs — Vcale
J Ki K J Ki K¢ MHz MHz
5 1 5 4 1 4 11881.648 0.002
5 0 5 4 0 4 11983.261 -0.001
5 4 1 4 -4 O 12050.870 0.000
5 -3 2 4 -3 1 12053.754 0.000
5 4 2 4 4 1 12055.349 —0.001
5 3 3 4 3 2 12057.822 0.000
5 -2 3 4 -2 2 12062.555 0.001
5 2 4 4 2 3 12068.780 0.001
5 -1 4 4 -1 3 12212.008 0.000
3 1 3 2 0 2 12303.039 -0.002
2 -1 1 1 0 1 12707.988 —0.002
2 -2 0 3 -1 2 13503.676 0.000
9 2 8 9 -1 8 13830.993 0.001
8 2 7 8 -1 7 14186.638 0.000
6 4 2 5 4 1 14462.293 0.001
6 -3 3 5 -3 2 14466.840 0.003
6 4 3 5 4 2 14467.822 —-0.001
6 3 4 5 3 3 14472.137 0.000
6 -2 4 5 -2 3 14481.385 0.000
7 2 6 7 -1 6 14505.325 0.002
4 1 4 3 0 3 14653.284 0.000
5 2 4 5 -1 4 14983.522 0.000
3 -1 2 2 0 2 15180.381 —-0.002
7 -5 2 6 5 1 16871.174 0.000
7 -4 3 6 4 2 16874.395 0.000
7 5 3 6 5 2 16878.737 0.000
7 3 5 6 3 4 16887.959 0.000
5 1 5 4 0 4 16940.654 0.000
9 0 9 8 1 8 17177.818 -0.002
7 -1 6 6 -1 5 17183.961 0.001
2 2 1 2 1 2 18046.395 0.000
3 2 2 3 1 3 18087.371 0.000
4 2 3 4 1 4 18187.930 0.000
5 2 4 5 1 5 18375.061 —-0.002
8 1 8 7 1 7 18816.622 0.000
10 -2 8 10 -1 9 18941.399 -0.001
8 -5 3 7 5 2 19282.749 0.000
8 4 4 7 -4 3 19287.294 0.000
8 4 5 7 4 4 19295.194  -0.002
8 -3 5 7 -3 4 19297.054 0.001
8 3 6 7 3 5 19305.548 -0.001
9 -2 7 9 -1 8 19313.538 -0.001
8 2 7 8 1 8 19600.841 -0.001
10 0 10 9 1 9 19838.711 0.002
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Table B-4 continued
Upper level Lower level Vobs Vobs — Vcalc
J Ki K J Ki K¢ MHz MHz
5 -2 3 5 -1 4 20499.967 0.001
4 -2 2 4 -1 3 20649.422 0.003
3 -2 1 3 -1 2 20736.771 0.001
2 -2 0 2 -1 1 20777.977 0.000
2 2 1 1 1 1 22859.623 0.001
3 2 2 2 1 2 25281.934 0.001
2 -2 0 1 -1 O 25613.451 —0.002
Table B-5
Calculated geometry parameters in the principatisieaxes of conformer £11, 111, IV, and V of allyl acetate.

The atoms are numbered according Figure 3.

Conformer G

Conformer Il

alA b /A c/A

alA b /A c/A

C1
02
03
C4
H5
H6
H7
C8
H9
H10
Cl1
C12
H13
H14
H15

1.472110 0.095998 0.000015
1.610468 1.299973 —0.000009
0.261855 -0.514079 0.000032
2.577976 —0.926408 —0.000098
2.490103 —-1.563293 0.883091
2.489624 —1.563671 —0.882962
3.540557 —0.417187 —0.000452
—-0.861578 0.386612 0.000120
—0.802811 1.029020 0.884274
-0.802878 1.029115 -0.883970
—2.107192 -0.455897 0.000118
—3.344010 0.059563 —0.000168
—1.956924 -1.532949 0.000375
—4.216842 —-0.583629 —-0.000136
—3.514436 1.133213 —0.000433

—-1.360641 —-0.009327 0.000061
-1.791783 —-1.141533 —0.000046
—0.037273 0.285801 0.000033
—2.180035 1.254297 —0.000022
-1.937799 1.849603 0.883390
-1.937254 1.849885 —0.883091
—3.238506 0.998280 —0.000375
0.827784 —0.857951 0.000021
0.615223 -1.472574 0.881887
0.615191 -1.472583 -0.881833
2.253514 —0.401358 -0.000008
2.663953 0.873768 —0.000026
2.984514 -1.208870 —0.000014
3.722583 1.110558 —-0.000045
1.955003 1.693705 —0.000020
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Table B-5 continued

159

Conformer Il Conformer IV
alA b /A c/A alA b /A c/A
Ci1 -1.128316 —0.088290 0.114620 1.443692 0.064425 —-0.032424
02 —1.028199 -0.610346 1.201505 1.659108 1.257102 —0.053672
03 —0.200985 —-0.210670 —0.873534 0.202778 —0.467016 0.088488
C4 —2.263461 0.787254 —0.346894 2.477169 —-1.027013 -0.134285
H5 —1.908095 1.817626 —0.435485 2.437490 —-1.654676 0.758935
H6 —-2.611351 0.467127 -1.330756 2.259187 —-1.659604 —0.997768
H7 -3.073413 0.742496 0.379807 3.465378 —0.580715 -0.235392
C8 0.972788 —0.956048 —0.522741 —-0.857700 0.509796 0.200371
H9 0.696517 —1.783236 0.137604 —0.640096 1.163038 1.051343
H10 1.341800 —1.364511 —-1.467576 —-0.887736 1.122177 —0.705501
Cl1 2.023771 -0.102904 0.127999 —2.132583 —-0.243804 0.394059
C12 1.935900 1.220275 0.313997 -3.178120 —0.132569 —-0.437584
H13 2.915337 —0.640456 0.448789 —2.188537 -0.891051 1.267033
H14 2.740119 1.767505 0.793396 —4.102100 —-0.672201 —0.258507

H15 1.062503 1.780290 —-0.003842 -3.131972 0.506542 —1.315258

Table B-5continued

Conformer V
alA b /A c/A
C1 1.163821 0.180449 -0.078162
02 0.766717 1.228094 —0.538666
03 0.452615 -0.976328 —-0.107514
C4 2.481761 -0.032311 0.619209
H5 2.303830 —0.070453 1.697738
H6 2.927742 —0.980669 0.315915
H7 3.148862 0.798919 0.393904
C8 —0.890694 —0.853733 —0.634400
H9 —0.887734 —0.171460 —1.487482
H10 -1.139430 -1.863293 —0.967200
Cl11 -1.831149-0.376467 0.429467
Cl2 -2.459618 0.806594 0.364789
H13 -1.986385 -1.038986 1.279237
H14 -3.140203 1.128218 1.146784
H15 —-2.290930 1.481966 —0.469079
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calculated at the MP2/6-311++G(d,p) and the MP2/6+3-G level of theory. The atoms are numbered

Chapter 3

VINYL ACETATE

Table C-1

Calculated geometry parameters in the principatisleaxes of conformer | and conformer Il of virgdetate

according Figure 1.

Conformer | Conformer |l
MP2/6-311++G(d,p) MP2/6-311++G(d,p)
alA b /A c/A alA b /A c/A

C1
H2
H3
H4
C5
06
o7
C8
C9
H10
H11
H12

—2.036850 —-0.926071 —-0.000544
—1.994965 -1.490165 0.934443
—-1.886551 —-1.628798 —0.822815
—3.002306 —0.431508 —0.094791
—0.944356 0.106784 —0.008084
—1.086153 1.305380 —0.031038
0.277202 -0.518046 0.024940
1.400623 0.290786 0.062798
2.612854 —0.256917 -0.048387
1.204112 1.348512 0.191386
3.484667 0.382616 0.000819
2.742601 -1.324381 -0.181127

2.201035 —0.390876 0.101113
2.380710 —-1.133192 -0.679142
2.306584 —0.888304 1.068483
2.919103 0.424055 0.022777
0.806589 0.162954 —-0.024990
0.507528 1.328431 -0.107726
—0.087210 -0.877433 —0.026717
—1.457976 —0.679103 —0.088363
—2.168393 0.431332 0.146960
-1.928719 -1.623165 —0.339283
—3.245182 0.339569 0.062587
-1.735961 1.387370 0.394194

Table C-2
Observed A and E species frequenciasyg) of vinyl acetateVops. —Vcalc. values as obtained after a fit with
XIAM.

Upper level Lower level Vobs Vobs — Vcalc

J Ky Ke J Ka Kc MHz kHz

1 1 1 0 0O O A 11268.6222 -12.8

1 1 O 1 0O 1 A 7603.8433 -5.8

2 1 2 1 0O 1 A 14933.3756 -19.3

2 1 1 2 0O 2 A 8031.6904 —7.1
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Table C-2 continued
Upper level Lower level Vobs Vobs — Vcale
J Ki K J K K¢ MHz kHz
2 2 1 2 1 2 A 22811.0955 -9.4
2 2 0 2 1 1 A 215958734 -1.8
3 1 3 2 0 2 A 18399.3563 -16.4
3 1 2 3 0O 3 A 8705.0798 -13.3
3 2 2 3 1 3 A 23437.6303 -11.1
3 2 1 3 1 2 A 21058.7305 9.8
4 1 4 3 0O 3 A 21688.6018 -6.4
4 0 4 3 1 3 A 9892.0713 -20.6
4 1 3 4 0O 4 A 9660.2102 -12.7
4 2 3 4 1 4 A 24278.6424 -8.4
4 2 2 4 1 3 A 20428.5134 19.2
5 1 5 4 0 4 A 24836.0883 10.8
5 0 5 4 1 4 A 14488.7614 -13.8
5 1 4 5 0 5 A 10940.7832 -18.4
5 2 4 5 1 5 A 25337.6845 -95
5 2 3 5 1 4 A 19776.2488 33.6
6 0 6 5 1 5 A 19093.3153 4.5
6 1 5 5 2 4 A 6347.2832 -85
5 3 3 6 2 4 A 11607.0384 8.2
6 3 4 7 2 5 A 6873.6837 -20.7
6 3 3 7 2 6 A 8938.4386 16.0
1 1 O 1 0 1 E 8035.7888 -0.1
2 1 1 2 0 2 E 8271.4547 0.8
3 1 2 3 0O 3 E 8831.061 7.4
4 1 3 4 0O 4 E 9728.2396 14.8
5 1 4 5 0O 5 E 10974.2171 20.1
6 1 5 6 0 6 E 12597.8747 20.8
7 1 6 7 0 7 E 14629.2292 15.8
8 1 7 8 0 8 E 17084.5706 6.4
9 1 8 9 0 9 E 19956.699 -8.4
4 0 4 3 1 3 E 10075.6022 -17.0
5 0 5 4 1 4 E 14602.9388 -4.6
6 0 6 5 1 5 E 19167.5427 21.3
7 0 7 6 1 6 E 23701.7651 62.4
1 1 1 0 0O O E 10736.7885 9.1
1 1 1 1 0 1 E 6665.8778 7.7
2 1 2 1 0 1 E 14601.2021 22.8
3 1 3 2 0 2 E 18191.0844 46.8
2 2 1 2 1 2 E 21645.6982 -90.8
2 2 0 2 1 1 E 22450.3789 54.7
3 2 2 3 1 3 E 22186.9891 -56.8
3 2 1 3 1 2 E 21997.1052 37.4
4 2 3 4 1 4 E 23048.4232 -9.8
4 2 2 4 1 3 E 21346.8343 11.2
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Table C-2 continued

Upper level Lower level Vobs Vobs — Vcale
J Ki K J K K¢ MHz kHz
5 2 4 5 1 5 E 24219.1932 48.7
5 2 3 5 1 4 E 20585.9822 -19.1
6 1 5 5 2 4 E 7546.2254 -54
6 2 4 6 1 5 E 19819.4664 -42.7
7 1 6 6 2 5 E 12650.9283 -28.4
7 2 5 7 1 6 E 19181.0944 -40.2
8 1 7 7 2 6 E 17856.2806 -22.4
8 2 6 8 1 7 E 18804.678 1.1

Table C-3
Observed A and E species frequenciasyg) of vinyl acetateVops. — Vcalc. values as obtained after a fit with
Erham.
Upper level Lower level Vobs Vobs —Vcalc
J N J N MHz kHz

11268.6222 2.2

7603.8433 1.5
14933.3756 0.1

8031.6904 1.7
22811.0955 -0.5
21595.8734 0.9
18399.3563 1.2

8705.0798 -2.0
23437.6303 -2.9
21058.7305 1.8
21688.6018 1.7

9892.0713 0.3

9660.2102 2.2
24278.6424 -0.3
20428.5134 0.6
24836.0883 0.0
14488.7614 -1.0
10940.7832 15
25337.6845 0.2
19776.2488 -0.8
19093.3153 -2.6

6347.2832 2.1
11607.0384 1.5
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Table C-3 continued

Upper level Lower level Vobs Vobs —Vcal

J N N MHz kHz

6873.6837 0.7
8938.4386 0.8
8035.7888 2.4
8271.4547 1.4
8831.061 2.0
9728.2396 1.4
10974.2171 0.3
12597.8747 -1.6
14629.2292 -3.3
17084.5706 -2.1
19956.699 2.8
10075.6022 -2.6
14602.9388 0.5
19167.5427 2.5
23701.7651 2.2
10736.7885 4.5
6665.8778 2.7
14601.2021 -2.2
18191.0844 -5.3
21645.6982 0.7
22450.3789 1.9
22186.9891 0.3
21997.1052 0.7
23048.4232 -0.1
21346.8343 -1.1
24219.1932 0.2
20585.9822 -2.5
7546.2254 2.0
19819.4664 -2.1
12650.9283 0.4
19181.0944 0.5
17856.2806 -2.5
18804.678 2.8
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APPENDIX D

Chapter 4

ISOPROPENYL ACETATE

Table D-1
Calculated geometry parametersdaussiars internal coordinate system (called standardntaigion) and in
principal inertial axes of the only stalitans conformer of isopropenyl acetate. The atoms anslbned according

Figure 1.

Gaussianinternal coordinate system principal inertial axes
X Y z X Y z

Cl  -2.456605 -0.296326 —0.421510 —2.425088 —-0.422861 —0.436122
H2  -3.255908 0.076339 0.217357 —3.246596 0.018566 0.126179
H3  —-2.532445 -1.379677 —0.535245 —2.471608 -1.512745 —0.387894
H4  -2.535204 0.150876 —1.415758 —2.493937 —-0.131138 -1.487242
C5  -1.125669 0.063724 0.182029 -1.116428 0.059791 0.129335
O6  -0.941835 0.757497 1.154205 -0.970268 0.895489 0.989851
O7  -0.116721 -0.516074 —0.535902 —0.078587 —0.592355 —0.476602
C8 1.194179 -0.190972 —0.136784 1.215194 -0.175259 —-0.108355
C9 1.937047 -1.155120 0.414133 1.970078 —1.025628 0.593050
H10  2.970603 —0.961390 0.673754 2.992844 —0.766847 0.838315
H11 1.515654 —-2.133324 0.612544 1.569043 -1.974634 0.928280
C12 1.631593 1.193774 —0.493882 1.625469 1.152394 —0.660970
H13 1.498210 1.359347 —-1.567907 1.510528 1.152338 -1.749787
H14  1.038815 1.934609 0.048258 1.003260 1.949043 —0.245826
H15  2.685457 1.331354 —0.243342 2.670117 1.354882 —-0.415943
[l o) el |l s el
0.246 0.594 1.796 0.194 0.862 1.691

2 dipole moments in Debye
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Table D-2

Observed AA and AEspecies frequencie¥ dps) of isopropenyl acetat®ops. — Vcalc. values as obtained after a

fit with XIAM. @
Upper level Lower level Vobs Vobs —Vcalc
J Ka Kc J Ka K¢ MHz MHz

b-type transitions
2 1 2 1 0 1 AA 9959.8164 -0.0433
AE 0.0000 0.0026
2 2 1 2 1 2 AA 10057.0205 -0.0751
AE 0.0000 0.0137
2 2 0 2 1 1  AA 9603.3064 -0.0502
AE 0.0183 0.0065
3 1 3 2 0 2 AA 13189.0572 —-0.0508
AE 0.0000 0.0020
3 2 2 3 1 3 AA 10289.8003 -0.0758
AE 0.0000 0.0096
3 2 1 3 1 2 AA 9398.5042 —-0.0320
AE 0.0000 —0.0069
4 0 4 3 1 3 AA 10933.5866 —-0.0445
AE -0.0206  -0.0050
4 2 3 4 1 4 AA 10602.0080 —0.0689
AE -0.0232 -0.0101
5 2 4 5 1 5 AA 10994.8505 -0.0779
AE -0.0264  -0.0077
6 1 5 5 2 4 AA  12450.4934 -0.0789
AE —-0.0333 0.0041
6 2 5 6 1 6 AA 11469.4823 —-0.0890
AE -0.0302  -0.0045
7 2 6 7 1 7 AA 12026.7301 -0.1004
AE -0.0361  -0.0020
7 1 7 6 2 4 AA 11762.8077 0.0140
AE 0.0399 0.0140
8 1 8 7 2 5 AA  14275.2581 0.0452
AE 0.0309 -0.0103
8 2 6 7 3 5 AA 12082.6581 -0.0777
AE —-0.0333 0.0051
8 2 7 7 3 4 AA 11009.3480 -0.0262
AE -0.0185  -0.0008
8 2 7 8 1 8 AA 12666.8765 —0.1079
AE -0.0470  -0.0032
9 2 8 8 3 5 AA 14291.1135 -0.0377
AE —-0.0124 0.0003
9 2 8 9 1 9 AA 13389.4367 -—0.1176
AE -0.0556  -0.0010

10 2 9 10 1 10 AA 14193.0199 —-0.1187
AE -0.0713 —0.0048
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Table D-2 continued
Upper level Lower level VObs Vobs — Vcale
J Ky K¢ J Ka K¢ MHz MHz
10 3 8 9 4 5 AA 11773.4892 -0.0611
AE -0.0974 0.0031
11 1 10 11 0 11 AA 10401.8322 —0.1531
AE -0.1316 -0.0123
11 3 8 11 2 9 AA 14497.0406 0.0121
AE 0.0362 -0.0017
12 1 11 12 0 12 AA  11868.5195 —-0.1567
AE —-0.1535 -0.0141
12 3 9 12 2 10 AA  14025.7513 0.0226
AE 0.0411 —-0.0010
13 2 11 13 1 12 AA 9339.4845 -0.0743
AE —0.0636 —-0.0034
13 3 10 13 2 11 AA  13561.2335 0.0298
AE 0.0401 —-0.0032
14 2 12 14 1 13 AA 10044.8318 —0.0830
AE —0.0886 —0.0045
14 3 11 14 2 12 AA 13137.9726 0.0317
AE 0.0386 —-0.0018
15 2 13 15 1 14 AA 10937.1968 —0.0944
AE -0.1013 0.0097
15 3 12 15 2 13 AA 12791.1339 0.0269
AE 0.0350 0.0021
16 2 14 16 1 15 AA 12016.4400 —0.0842
AE —0.1455 —-0.0054
16 3 13 16 2 14 AA  12554.0436 0.0263
AE 0.0212 0.0010
17 2 15 17 1 16 AA 13274.6123 —0.0682
AE —-0.1758 —0.0055
17 3 14 17 2 15 AA 12456.3030 0.0242
AE 0.0000 —-0.0023
19 3 16 19 2 17 AA  12773.8743 0.0283
AE —0.0485 0.0004
c-type transitions
2 1 1 1 0 1 AA 10418.9033 -0.0517
AE -0.0148 —0.0055
2 2 0 2 1 2 AA 10062.3929 -0.0590
AE 0.0000 —0.0050
2 2 1 2 1 1 AA 9597.9457  —0.0545
AE 0.0000 0.0070
3 1 2 2 0 2 AA 14107.1140 -0.0724
AE —-0.0210 —-0.0054
3 2 1 3 1 3 AA 10316.5392 -0.0755
AE 0.0000 0.0067
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Table D-2 continued

Upper level Lower level VObs Vobs — Vcalc
J Ki K J Ka K¢ MHz MHz
3 2 2 3 1 2 AA 9371.7627 -0.0349
AE 0.0000 -0.0039
4 0 4 3 1 2 AA 10015.5299 -0.0228
AE 0.0000 0.0021
4 2 2 4 1 4 AA 10681.9157 -0.0720
AE -0.0255 -0.0113
5 0 5 4 1 3 AA 13072.0079 -0.0206
AE 0.0000 -0.0023
5 2 3 5 1 5 AA 11179.9346 -0.0899
AE -0.0281 -0.0046
6 1 5 5 2 3 AA 12265.4101 -0.0660
AE -0.0314 0.0011
6 2 4 6 1 6 AA 11835.1186 -0.1147
AE -0.0474 -0.0115
7 1 7 6 2 5 AA 12128.4559 0.0003
AE 0.0255 0.0098
7 2 5 7 1 7 AA 12672.7065 —0.1380
AE —-0.0480 0.0042
8 2 6 7 3 4 AA 12058.2565 -0.0740
AE -0.0432  0.0033
8 2 6 8 1 8 AA 13715.7850 -0.1557
AE -0.0754 -0.0029
8 2 7 7 3 5 AA 11033.7425 -0.0370
AE 0.0082 0.0178
9 2 8 8 3 6 AA 143445048 -0.0420
AE -0.0101  0.0007
10 3 8 9 4 6 AA 11776.2012 -0.0611
AE 0.0463 0.0047
10 3 7 9 4 5 AA 11968.0216 -0.0728
AE -0.1050 0.0027
11 3 9 11 2 9 AA 14161.7815 0.0327
AE 0.0477 -0.0038
12 3 10 12 2 10 AA  13478.2406 0.0519
AE 0.0633 -0.0013
13 3 11 13 2 11 AA  12708.0680 0.0687
AE 0.0786 0.0007
14 3 12 14 2 12 AA 11862.9315 0.0858
AE 0.0897 -0.0013
15 3 13 15 2 13 AA  10956.3197 0.0897
AE 0.1093 0.0058

#The AE species is referred to the AA species. differences of these transitions are given andditt
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Table D-3

Observed EA, EEand EE?® species frequencie¥ ¢ps) of isopropenyl acetat®¥.ops. — Vcalc, values as obtained

after a fit with XIAM.°

Upper level Lower level Vobs Vobs —Vcalc
J Ky K¢ J Ka K¢ MHz MHz
2 2 0 2 1 1 EA 10278.4778 0.0751
EE -0.1275 —0.0133
EE* 0.0952 -0.0195
3 2 1 3 1 2 EA 10174.3478 0.0597
EE -0.1197 —0.0009
EE* 0.1246 0.0004
4 2 2 4 1 3 EA 9985.5422 0.0510
EE -0.1277 —0.0030
EE* 0.137 —0.0006
5 2 3 5 1 4 EA 9726.1519 0.0325
EE -0.1326 -0.0018
EE* 0.1522 0.0005
6 2 4 6 1 5 EA 9426.0113 0.0103
EE —0.1442 —0.0053
EE* 0.1646 —-0.0020
13 2 11 13 1 12 EA 9601.8574 0.1151
EE -0.1714 0.0069
EE* 0.0458 -0.0147
14 2 12 14 1 13 EA 10318.5082 0.2048
EE -0.1211 0.0137
EE* —-0.0424 -0.0061
15 2 13 15 1 14 EA 11246.7876 0.3215
EE -0.065 0.0029
EE* -0.1778 -0.0140
2 1 1 1 0 1 EA 10790.1509 0.0515
EE -0.1258 —-0.0025
EE* 0.1075 -0.0014
3 1 2 2 0 2 EA 14373.131 0.0663
EE -0.1511 -0.0220
EE* 0.0902 -0.0130
11 1 10 11 0 11 EA 10885.5465 0.2494
EE 0.2259 —0.0065
EE* —-0.4925 —-0.0035
4 0 4 3 1 3 EA 11188.9078 0.0903
EE -0.0961 -0.0023

EE* 0.0724 0.0041




Table D-3 continued

APPENDIX D

Upper level Lower level VObs Vobs —Vcalc
J Ka KC J Ka Kc MHz MHz
4 0 4 3 1 2 EA 9715.724 0.0298
EE 0.1157 -0.0014
EE* -0.1204 0.0057
5 0 5 4 1 3 EA 12831.8299 0.0381
EE 0.0981 —0.0045
EE* —0.0949 0.0068
5 2 3 5 1 5 EA 12262.8913 0.1303
EE -0.354 —0.0007
EE* 0.3113 —0.0049
6 2 4 6 1 6 EA 12769.6821 0.1509
EE -0.3924 -0.0012
EE* 0.3293 —-0.0051
7 2 5 7 1 7 EA 13422.9293 0.1935
EE —0.4544 —0.0049
EE* 0.3584 —0.0086
8 2 6 8 1 8 EA 14245.7647 0.2583
EE -0.5286 —0.0019
EE* 0.4026 —0.0079
2 1 2 1 0 1 EA 9545.1685 -0.0156
EE 0.1027 0.0072
EE* —0.0985 0.0063
3 1 3 2 0 2 EA 12899.9357 —0.0058
EE 0.0839 0.0021
EE* -0.0917 —0.0005
6 1 6 5 2 4 EA 10342.1717 0.0148
EE -0.0701 0.0016
EE* 0.0951 0.0053
7 1 7 6 2 5 EA 13201.0868 —0.0529
EE 0.0147 0.0258
EE* 0.0553 0.0115
3 2 2 3 1 3 EA 9335.7049 -0.0385
EE 0.118 -0.0011
EE* -0.1322 —0.0022
4 2 3 4 1 4 EA 9582.6487 —0.0155
EE 0.1172 0.0045
EE* -0.1363 —0.0016
5 2 4 5 1 5 EA 9958.5346 0.0234
EE 0.0897 —0.0004
EE* —0.1306 —0.0036
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Table D-3 continued
Upper level Lower level VObs Vobs —Vcalc
J K Ke J Ko Ke MHz MHz
6 2 S 6 1 6 EA 10458.8427 0.0797
EE 0.0438 -0.0031
EE* —-0.1086 —0.0069
7 2 6 7 1 7 EA 11072.5664 0.1535
EE -0.0275 —-0.0081
EE* —-0.0647 —0.0094
9 2 8 9 1 9 EA 12558.9207 0.3375
EE -0.2072 0.0013
EE* 0.0861 —-0.0079
8 2 6 7 3 4 EA 11200.5755 0.0051
EE 0.0867 0.0041
EE* -0.1479 0.0019
8 2 7 7 3 5 EA 12180.2347 0.1698
EE -0.1628 0.0031
EE* 0.1244 0.0042
4 2 2 4 1 4 EA 11890.4497 0.1198
EE —0.3353 —-0.0012
EE* 0.3104 -0.0017
10 3 7 9 4 5 EA 11480.9229  -0.0594
EE 0.0808 0.0041
EE* -0.1377 0.0047
13 3 10 13 2 11 EA 14519.5365 -0.2270
EE —-0.139 —0.0045
EE* 0.2415 0.00270
14 3 11 14 2 12 EA 13986.0631 —-0.2885
EE —-0.1594 —-0.0060
EE* 0.2595 —0.0006
16 3 13 16 2 14 EA 13144.2657 -0.3134
EE -0.2025 0.0049
EE* 0.2742 —-0.0040
10 3 8 10 2 8 EA 12560.7565 0.0401
EE 0.5421 —-0.0005
EE* —-0.4893 0.0015
12 3 10 12 2 10 EA 11665.0935 0.0829
EE 0.5143 0.0002
EE* -0.4194 0.0006
13 3 11 13 2 11 EA 11103.3946 0.0872
EE 0.4906 0.0004
EE* —-0.3745 0.0012
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Table D-3 continued

Upper level Lower level VObs Vobs —Vcalc
J Ka KC J Ka Kc MHz MHz
14 3 12 14 2 12 EA 10485.2186 0.0746
EE 0.46 0.0021
EE* -0.3234 -0.0001
6 1 5 5 2 4 EA 13685.8451 0.1581
EE -0.3245 —0.0005
EE* 0.2564 -0.0012
6 1 5 5 2 3 EA 11381.4867 0.0496
EE 0.1259 0.0065
EE* -0.1829 0.0027
10 3 8 9 4 6 EA 12646.0536 0.3030
EE* 0.0924 0.0013

2The EE and EE* species are referred to the EAispethe differences of these transitions are gamhfitted.
® The frequency list is sorted to the branches.

Table D-4
Observed AA and AE species frequenchgsys) of isopropenyl acetat®.ops.— Vcalc. values as obtained after a fit
with Erham.
Upper level Lower level Vobs Vobe. —Vcalc
J N J N MHz MHz

2 2 1 1 9959.8164 —-0.0025
9959.8164  0.0006
10418.9033 0.0032
10418.8883 -0.0018
10057.0205 -0.0131
10057.0205  0.0016
9597.9493 -0.0031
9597.9493  0.0046
9603.3064 -0.0021
9603.3247  0.0050
10062.3929 0.0033
10062.3929 -0.0010
13189.0572 -0.0027
13189.0572 -0.0001
14107.1140 0.0034
14107.0930 -0.0010

2 3 1 1

mMEmEmEmEmEmEmyEm
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Table D-4 continued

CHAPTER 4

Upper level Lower level VObs Vobs —Vcalc
J N J N MHz MHz
3 4 3 2 AA 10289.8034 -0.0052
AE 10289.8034  0.0055
3 4 3 3 AA 9371.7636  0.0057
AE 9371.7636  0.0024
3 5 3 2 AA 10316.5403 -0.0054
AE 10316.5403 0.0023
3 5 3 3 AA 9398.5048 0.0098
AE 9398.5048 0.0035
4 1 3 2 AA 10933.5866 0.0052
AE 10933.5660 0.0008
4 1 3 3 AA 10015.5299 -0.0008
AE 10015.5299 0.0014
4 4 4 2 AA 10602.0063 0.0039
AE 10601.9849 -0.0033
4 5 4 2 AA 10681.9128 0.0040
AE 10681.8904 —-0.0030
5 4 5 2 AA 10994.8499 0.0042
AE 10994.8243 -0.0014
5 5 5 2 AA 11179.9424 0.0103
AE 11179.9063 -0.0008
5 1 4 3 AA 13072.0079 0.0028
AE 13072.0079  0.0006
6 3 5 4 AA 12450.4934 -0.0025
AE 12450.4601  0.0027
6 3 5 5 AA 12265.4101 0.0006
AE 12265.3787  0.0027
6 4 6 2 AA 11469.4823 0.0024
AE 11469.4521 —-0.0005
6 5 6 2 AA 11835.1217 -0.0017
AE 11835.0856  0.0000
7 2 6 5 AA 11762.8077 —-0.0119
AE 11762.8476 0.0013
7 2 6 4 AA 12128.4559 -0.0072
AE 12128.4814 0.0021
7 4 7 2 AA 12026.7301 —-0.0002
AE 12026.6940 -0.0003
7 5 7 2 AA 12672.7065 -0.0071
AE 12672.6585 —0.0005
8 2 7 5 AA 14275.2581 0.0104
AE 14275.2890 -0.0012




Table D-4 continued
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Upper level Lower level VObs Vobs —Vcalc
J N J N MHz MHz
8 5 7 6 AA 12082.6581 -0.0037
AE 12082.6248 0.0023
8 4 7 6 AA 11033.7425 -0.0092
AE 11033.7507 0.0087
8 4 7 7 AA 11009.3480 -0.0002
AE 11009.3295 -0.0009
8 5 7 7 AA 12058.2565 -0.0018
AE 12058.2133  0.0024
8 4 8 2 AA 12666.8765 0.0006
AE 12666.8295 -0.0005
8 5 8 2 AA 13715.7850 -0.0010
AE 13715.7096 -0.0008
9 4 8 6 AA 14344.5048 -0.0012
AE 14344.4947 -0.0004
9 4 8 7 AA 14291.1135 -0.0008
AE 14291.1011 -0.0005
9 4 9 2 AA 13389.4367 -0.0024
AE 13389.3811 -0.0009
10 6 9 8 AA 11776.2012 -0.0018
AE 11776.2475 0.0026
10 6 9 9 AA 11773.4892 -0.0020
AE 11773.3918 0.0017
10 7 9 9 AA 11968.0222 -0.0010
AE 11967.9168 0.0022
10 4 10 2 AA 14193.0199 0.0010
AE 14192.9486 -0.0010
11 3 11 1 AA 10401.8322 0.0050
AE 10401.7006 -0.0033
11 6 11 5 AA 14161.7815 0.0000
AE 14161.8292 -0.0042
11 7 11 5 AA 14497.0406 -0.0013
AE 14497.0768 -0.0030
12 3 12 1 AA 11868.5260 0.0118
AE 11868.3658 —0.0044
12 6 12 5 AA 13478.2406 —0.0001
AE 13478.3039 -0.0022
12 7 12 5 AA 14025.7513 —-0.0009
AE 14025.7924 -0.0020
13 5 13 3 AA 9339.4852 -0.0012
AE 9339.4200 -0.0039
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Table D-4 continued

Upper level Lower level Vobs Vobs —Vcale
J N J N MHz MHz
13 6 13 5 AA 12708.0680 -0.0001
AE 12708.1466 —0.0006
13 7 13 5 AA 13561.2335 0.0003
AE 13561.2736 -0.0031
14 5 14 3 AA 10044.8318 -0.0021
AE 10044.7432 -0.0036
14 6 14 5 AA 11862.9303 0.0022
AE 11863.0216  0.0009
14 7 14 5 AA 13137.9726 0.0004
AE 13138.0112 -0.0016
15 5 15 3 AA 10937.1968 -0.0095
AE 10937.0955 0.0039
15 6 15 5 AA 10956.3227 0.0006
AE 10956.4299  0.0024
15 7 15 5 AA 12791.1339 -0.0030
AE 12791.1689 -0.0008
16 5 16 3 AA 12016.4400 -0.0024
AE 12016.2945 -0.0033
16 7 16 5 AA 12554.0436 -0.0001
AE 12554.0648 0.0013
17 5 17 3 AA 13274.6123 0.0015
AE 13274.4365 0.0013
17 7 17 5 AA 12456.3030 0.0012
AE 12456.3030 -0.0002
19 7 19 5 AA 12773.8743 0.0042
AE 12773.8258 0.0066
Table D-5

Observed EA, EE and EE* species frequendies,§) of isopropenyl acetat®.ops. —Vcalc. values as obtained after

a fit with Erham.

Upper level Lower level VObs Vobs —Vcalc
J N J N MHz MHz
2 5 2 3 EA 10278.4778 0.0104
EE 10278.3503 -0.0011
EE* 10278.5730 —-0.0095

2 2 1 1 EA 9545.1685 -0.0074
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Table D-5continued
Upper level Lower level VObs Vobs —Vcalc
J N J N MHz MHz
2 2 1 1 EE 9545.2712 —0.0009
EE* 9545.0700 0.0008
2 3 1 1 EA 10790.1509 0.0052
EE 10790.0251 0.0031
EE* 10790.2584  0.0047
3 2 2 1 EA 12899.9357 —0.0037
EE 12900.0196 -0.0027
EE* 12899.8440 -0.0017
3 3 2 1 EA 14373.1310 0.0137
EE 14372.9799 -0.0090
EE* 14373.2212 0.0033
3 5 3 3 EA 10174.3478 —0.0010
EE 10174.2281 0.0004
EE* 10174.4721 -0.0020
3 4 3 2 EA 9335.7049 0.0021
EE 9335.8229 0.0011
EE* 9335.5727 0.0017
4 1 3 2 EA 11188.9078 0.0028
EE 11188.8117 0.0045
EE* 11188.9802 0.0039
4 1 3 3 EA 9715.7240 -0.0031
EE 9715.8397 -0.0009
EE* 9715.6036 —0.0004
4 4 4 2 EA 9582.6487 0.0006
EE 9582.7659 0.0048
EE* 9582.5124 0.0014
4 5 4 2 EA 11890.4497 0.0032
EE 11890.1144 0.0043
EE* 11890.7601  0.0013
4 5 4 3 EA 9985.5422 -0.0001
EE 9985.4145 -0.0005
EE* 9985.6792 -0.0023
5 1 4 3 EA 12831.8299 -0.0077
EE 12831.9280 -0.0073
EE* 12831.7350 -0.0055
5 4 5 2 EA 9958.5346 0.0006
EE 9958.6243 -0.0003
EE* 9958.4040 0.0001
5 5 5 2 EA 12262.8913 0.0034
EE 12262.5373 0.0046
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Table D-5continued

CHAPTER 4

Upper level Lower level VObs Vobs —Vcalc
J N J N MHz MHz
5 5 5 2 EE* 12263.2026 —0.0007
5 5 5 3 EA 9726.1519 -0.0025
EE 9726.0193 -0.0017
EE* 9726.3041 -0.0040
6 2 5 4 EA 10342.1717 -0.0024
EE 10342.1016 0.0010
EE* 10342.2668 0.0003
6 3 5 4 EA 13685.8451 0.0048
EE 13685.5206 0.0055
EE* 13686.1015 0.0044
6 3 5 5 EA 11381.4867 0.0003
EE 11381.6126 0.0055
EE* 11381.3038 0.0062
6 4 6 2 EA 10458.8427 0.0016
EE 10458.8865 —0.0023
EE* 10458.7341 -0.0015
6 5 6 2 EA 12769.6821 0.0011
EE 12769.2897 0.0013
EE* 12770.0114 -0.0022
6 5 6 3 EA 9426.0113 -0.0036
EE 9425.8671 —0.0067
EE* 9426.1759 -0.0072
7 2 6 4 EA 13201.0868 —0.0141
EE 13201.1015 0.0138
EE* 13201.1421 -0.0058
7 4 7 2 EA 11072.5664 0.0027
EE 11072.5389 -0.0062
EE* 11072.5017 -0.0022
7 5 7 2 EA 13422.9293 0.0020
EE 13422.4749 -0.0020
EE* 13423.2877 —0.0036
8 4 7 6 EA 12180.2347 -0.0105
EE 12180.0719 -0.0069
EE* 12180.3591 -0.0061
8 5 7 7 EA 11200.5755 0.0010
EE 11200.6622 0.0036
EE* 11200.4276 0.0056
8 5 8 2 EA 14245.7647 -0.0017
EE 14245.2361 -0.0032
EA 14246.1673 -0.0051
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Table D-5continued
Upper level Lower level Vobs Vobs — Vcalc
J N J N MHz MHz

9 4 9 2 EA 12558.9207 0.0008
EE 12558.7135 0.0017
EE* 12559.0068 -0.0020
10 6 9 8 EA 12646.0536 0.0056
EE 12646.1460 0.0072
10 7 9 9 EE* 11480.9229 -0.0054
EA 11481.0037 -0.0021
EE 11480.7852 0.0007
10 6 10 5 EE* 12560.7565 0.0020
EA 12561.2986 0.0030
EE 12560.2672 0.0027
11 3 11 1 EE* 10885.5465 —0.0021
EA 10885.7724 —-0.0033
EE 10885.0540 -0.0012
12 6 12 5 EE* 11665.0935 0.0018
EA 11665.6078 0.0040
EE 11664.6741 -0.0003
13 5 13 3 EE* 9601.8574 —0.0034
EA 9601.6860 —0.0042
EE 9601.9032 —-0.0058
13 6 13 5 EE* 11103.3946 -0.0008
EA 11103.8852 0.0010
EE 11103.0201 -0.0023
13 7 13 5 EE* 14519.5365 0.0057
EA 14519.3975 0.0025
EE 14519.7780 0.0060
14 5 14 3 EE* 10318.5082 -0.0028
EA 10318.3871  0.0049
EE 10318.4658 0.0035
14 6 14 5 EE* 10485.2186 —0.0021
EA 10485.6786  0.0002
EE 10484.8952 -0.0044
14 7 14 5 EE* 13986.0631 0.0067
EA 13985.9037 0.0000
EE 13986.3226 0.0056
15 5 15 3 EE* 11246.7876  0.0036
EA 11246.7226  0.0034
EE 11246.6098 0.0011
16 7 16 5 EA 13144.2657 —0.0052
EE 13144.0632 —0.0066
EE* 13144.5399 -0.0031

177




iygsl APPENDIX E
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METHYL PROPIONATE

Table E-1
Fourier coefficients of the potential function forotation of the entire ethyl group around the
dihedral anglep = [1(Cy, G, Gs, Os) calculated in 10° steps at different level ofaihye(see
Figure 2). The potential is expanded ag¢) =a, +§aicos(i¢)

i=1

MP2/6-311++G(d,p) MP2/6-31G(d,p) B3LYP/6-311++G(d,p)

Hartree crit Hartree cm Hartree cr
g —306.940504703 -306.802454568 -307.798341297
= —-0.000675069 —148.1605 —-0.000662920 —145.4941 —-0.000726464 —159.4404
= 0.000051026  11.1989 —0.000226583 —49.7292 —0.000175595 -38.5386
a —0.000287240 -63.0419 —0.000368589 —80.8959 —0.000225083 —49.4000
u 0.000053587 11.7610 0.000099139 21.7585 —0.000008212 -1.8023
a5 -0.000017496 —3.8399 0.000002107 0.4624 0.000003786 0.8309
= 0.000030772 6.7537 -0.000004225 -0.9273 0.000006250 1.3717
a7 -0.000001419 -0.3114 —0.000000766 —0.1681 -0.000001116 —0.2449
=N 0.000006983 1.5326 0.000002980 0.6540 0.000001189 0.2610
& 0.000001872 0.4109 -0.000000058 -0.0127 0.000001950 0.4280
Qo 0.000002153 0.4725 0.000000027 0.0059 —0.000000431 —0.0946
ay -0.000000257 —0.0564 0.000000253 0.0555 0.000000289 0.0634
Ao 0.000000727 0.1596 0.000000031 0.0068 —0.000000295 -0.0647
a3 0.000000170 0.0373 0.000000008 0.0018 0.000002678 0.5878
Qua 0.000000152 0.0334 0.000000133 0.0292 —0.000000192 -0.0421
s 0.000000050 0.0110 —0.000000027 —0.0059 —-0.000000051 -0.0112

Table E-3

Fourier coefficients of the potential function forotation of the terminal methyl groups.
Here the Fourier series is written aspY€ a + a cosP + a cos @. It should be noted that

usually the peak-to-peak potential terms\2a and \t = 25 are used.

Methoxy methyl group Propionyl methyl group
Hartree crit Hartree cih
& —306.940162 —306.939280
3 0.001160 254.6 0.002178  478.1

86 -0.000021 4.7 0.000115 25.3




Table E-2

APPENDIX E

Calculated geometry parameters in the principatimeaxes of theérans Cs andtrans C;

conformer of methyl propionate. The atoms are nustbaccording Figure 1.

Cs conformer G conformer
MP2/6-311++G(d,p) MP2/6-311++G(d,p)
alA b /A c/A alA b /A c/A
C1 2.501465 0.077563 —0.000151 —2.165939 -0.587048 0.531141
C2 1.235037 -0.771148 0.000098 -1.392196 0.098712 —-0.604309
C3 -0.021752 0.068325 0.000109 0.025253 0.383571 —-0.176305
04 -0.067486 1.279774 0.000074 0.442031 1.445184 0.237363
05 -1.122878 -0.718968 0.000015 0.788384 —0.732037 —0.263938
C6 —-2.364926 0.001879 —-0.000119 2.137138 —0.563402 0.199318
H2 2.536915 0.720997 -0.881914 -1.708732 -1.546873 0.783689
H4 2.537049 0.721305 0.881382 —-2.173131 0.042974 1.425000
H3 3.386765 —0.563534 —0.000110 -3.201676 —0.766109 0.231391
H6 1.192439 —-1.427750 0.875705 -1.854699 1.054098 —-0.860547
H7 1.192270 —-1.428038 —0.875282 -1.377343 —0.542520 —1.489518
H12 -2.441774 0.630319 -0.889147 2.145132 —-0.269696 1.250561
H13 -3.141422 -0.760726 —0.000725 2.611875 —1.533839 0.067311
H14 —-2.442413 0.629522 0.889423 2.649889 0.199557 —0.388938
Table E-2 continued
Cs conformer G conformer
MP2/6-31G(d,p) MP2/6-31G(d,p)
alA b /A c/A alA b /A c/A

C1 2.495852 0.077472 -0.000220 -2.142177 -0.707539 0.399484
C2 1.235345 -0.772141 0.000114 -1.417354 0.324508 —-0.463813
C3 -0.019572 0.065561 0.000188 0.042171 0.448953 —-0.106928
04 -0.064168 1.284383 0.000110 0.608616 1.467228 0.253009
05 —-1.123902 -0.724663 0.000062 0.670987 —0.749850 —0.232493
C6 —2.363986 0.005815 —0.000210 2.070735 —-0.712672 0.100430
H7 2.527391 0.718362 -0.878211 -1.711425 -1.695310 0.257696
H8 2.527610 0.718710 0.877506 —2.066069 —0.447964 1.454516
H9 3.380626 —0.556497 —0.000212 -3.197936 —0.746683 0.137279
H10 1.193609 —1.428267 0.871287 -1.856315 1.313619 -0.351558
H11l 1.193339 -1.428604 —-0.870788 —-1.483456 0.040376 -1.515414
H12 -2.435418 0.634369 —0.884468 2.207937 —0.398835 1.132266
H13 -3.140227 —0.751207 —-0.002308 2.425004 -1.727224 —0.044052
H14 —-2.437493 0.631424 0.885992 2.598744 —0.022535 —-0.552991
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Table E-4
Observed AA, AE, EA, EE, and EE* species frequengig,s) of methyl propionate.

Vobs.— Vcalc. Values as obtained after a fit with XIAM and BEL-G4-2tops.

Upper level Lower level Vobs Vobs ~Vcalc  Vobs ~ Vcalc
J Ka K¢ J Ki K¢ GHz XIAM / kHz BELGI/ kHz
1 1 1 0O O 0 AA 11.3296409 -4.4 -4
AE  11.3296126 -2.3 -2
EA  11.3265986 -2.9 -3
EE 11.3266090 -0.3 0
EE* 11.3265296 -3.2 -3
1 1 0 1 0 1 AA 7.7036481 5.6 6
EA 7.7036010 -11.6 -11
AE 7.7028364 -10.4 -11
EE 7.7027803 1.5 2
EE* 7.7028476 —7.6 -8
2 0 2 1 0 1 AA 7.9092523 -2.3 -2
AE 7.9092523 -1.1 -1
EA 7.9092159 -14 -1
EE 7.9092159 0.1 0
EE*  7.9092159 0.2 0
2 1 1 1 1 0 AA 8.2545474 6.6 6
AE 8.2545359 -2.8 -3
EA 8.2537307 -4.1 -4
EE 8.2537560 2.1 -2
EE*  8.2537067 -0.5 -1
2 1 2 1 0 1 AA 14.9556371 -3.2 -3
AE  14.9556083 -1.7 -2
EA  14.9533494 -1.9 -2
EE 14.9533328 -1.1 -1
EE* 14.9533064 -1.8 -2
2 1 1 2 0 2 AA 8.0489291 0.5 1
AE 8.0489033 5.3 6
EA 8.0473667 2.4 2
EE 8.0473217 0.8 1
EE*  8.0473450 -1.3 -2
3 0 3 2 0 2 AA 11.8361779 -0.8 -1
AE  11.8361779 1.0 1
EA 11.8361179 -1.6 -2
EE 11.8361179 0.3 0
EE* 11.8361179 0.2 1
3 1 3 2 0 2 AA 184188113 -2.0 -2

AE  18.4187831 -0.3 0
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Table E-4 continued

Upper level Lower level Vobs Vobs —Vcale  Vobs — Vcale
J Ka K¢ J Ka K GHz XIAM / kHz BELGI/ kHz
3 1 3 2 0 2 EA 18.4167427 13.1 13
EE  18.4167162 9.9 10
EE* 18.4166916 -1.7 -2
3 1 3 2 1 2 AA 11.3724272 -0.5 -1
AE 11.3724272 0.4 0
EA 11.3725961 0.4 0
EE 11.3725875 -0.9 -1
EE* 11.3726017 0.5 1
3 1 2 2 1 1 AA 12.3747333 -2.3 -3
AE  12.3747333 0.5 1
EA 12.3744628 1.1 1
EE  12.3744628 -2.5 -2
EE* 12.3744501 -2.3 -2
3 2 1 2 2 0 AA 11.9248619 -4.8 -5
AE 11.9248327 -1.0 -1
EA 11.9111444 -1.1 -1
EE 11.9112613 -1.6 -2
EE* 11.9110276 0.3 0
3 2 2 2 2 1 AA 11.8805106 0.3 0
AE 11.8805367 -2.8 -3
EA 11.8941345 0.2 0
EE  11.8940118 -1.4 -1
EE* 11.8942445 4.3 -4
3 1 2 3 0 3 AA 8.5874855 0.0 0
AE 8.5874562 2.3 3
EA 8.5857075 1.0 0
EE 8.5856674 -1.2 -1
EE* 8.5856853 4.3 4
3 2 1 3 1 2 AA 21.6695336 2.7 -3
AE  21.6694540 2.7 -3
EA 21.6834757 -1.6 -1
EE  21.6828622 -1.7 -1
EE* 21.6839189 -0.2 0
3 2 2 3 1 3 EA 235935722 1.3 1
EE 23.5940044 -1.7 -1
EE* 23.5929491 -1.8 -1
4 0 4 3 0 3 AA 15.7303315 -0.5 -1
AE  15.7303315 2.1 2
EA 15.7302457 -1.6 -2
EE  15.7302457 1.9 1

EE* 15.7302457 0.8 1
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Table E-4 continued
Upper level Lower level Vobs Vobs —Vcale  Vobs — Vcalc
J Ka K¢ J Ka K GHz XIAM / kHz BELGI/ kHz
4 0 4 3 1 3 AA 9.1477005 3.1 3
AE 9.1477236 0.7 1
EA 9.1496294 -7.8 -8
EE*  9.1496689 0.3 1
4 1 3 3 1 2 AA 16.4861083 -5.1 -5
AE  16.4861083 -1.3 -1
AE  16.4859220 0.3 0
EE 16.4859220 15 2
EE* 16.4859220 6.7 7
4 1 4 3 0 3 AA 21.7334178 2.7 -3
AE  21.7333916 0.2 0
EA  21.7314396 -3.5 -4
EE 21.7314213 3.4 3
EE* 21.7314090 -1.0 -
4 1 4 3 1 3 AA 15.1507870 1.0 1
AE  15.1507870 2.2 2
EA  15.1508328 0.2 0
EE 15.1508328 3.6 4
EE* 15.1508328 -15 -2
4 2 2 3 2 1 AA 15.9423758 3.1 3
AE  15.9423647 -0.4 0
EA  15.9310476 -0.1 -1
EE  15.9313037 0.3 0
EE* 15.9307879 -0.1 0
4 2 3 3 2 2 AA 15.8320186 2.6 2
AE  15.8320186 -0.1 0
EA  15.8432148 -0.6 -1
EE 15.8429535 -1.4 -1
EE* 15.8434699 0.3 0
4 3 1 3 3 0 AE 158631334 -0.1 0
EA 15.8627644 -2.6 -3
EE 15.8627644 -1.0 -1
EE* 15.8627644 0.6 1
4 3 2 3 3 1 EA  15.8628083 -3.5 -4
EE  15.8628083 -0.3 0
EE* 15.8628083 -1.9 -2
4 1 3 4 0 4 AA 9.3432648 -2.1 -2
AE 9.3432344 0.4 1
EA 9.3413807 -0.1 -1
EE 9.3413418 -2.6 -2
EE*  9.3413585 7.0 6
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Table E-4 continued

Upper level Lower level Vobs Vobs —Vcale  Vobs — Vcalc
J Ka K¢ J Ka K GHz XIAM / kHz BELGI / kHz
4 2 2 4 1 3 AA  21.1257946 -1.0 -1
AE 21.1257113 -0.9 -1
EA 21.1286023 -1.0 -1
EE  21.1282454 -1.3 -1
EE* 21.1287925 0.7 1
4 2 3 4 1 4 AA 24.3001609 9.6 9
AE  24.3000577 1.3 2
EA  24.2859510 2.4 -3
EE 24.2861326 0.8 2
EE* 24.2855850 -1.7 -1
5 0 5 4 0 4 AA 19.5822695 -0.9 -1
AE  19.5822695 2.2 2
EA 19.5821549 -1.4 -2
EE  19.5821549 1.8 2
EE* 19.5821549 1.7 2
5 0 5 4 1 4 AA 135791846 2.8 2
AE 13.5792088 3.4 3
EA 13.5809612 0.7 1
EE  13.5809903 10.3 11
EE* 13.5809903 2.3 3
5 1 4 4 1 3 AA 20.5851905 5.0 5
AE  20.5851857 4.9 5
EE 20.5849945 -1.0 -1
EE* 20.5849907 2.2 -2
5 1 5 4 0 4 AA 249222258 -8.0 -8
AE  24.9222074 1.8 2
EA  24.9203366 -4.6 -5
EE  24.9203170 1.3 1
EE* 24.9203170 6.7 6
5 1 5 4 1 4 EA 18.9191454 0.0 0
EE 18.9191454 2.8 3
EE* 18.9191454 0.2 0
5 2 3 4 2 2 AA 19.9946342 -0.3 -1
AE  19.9946298 -0.2 0
EA  19.9898620 -1.4 -2
EE  19.9900092 1.3 1
5 2 4 4 2 3 AA  19.7761040 -0.4 -1
AE  19.7761040 1.2 1
5 2 4 4 2 3 EA 19.7807231 -0.8 -1
EE  19.7805738 0.5 1

EE* 19.7808702 0.1 0
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Table E-4 continued
Upper level Lower level Vobs Vobs —Vcale  Vobs — Vcalc
J Ka K¢ J Ka K GHz XIAM / kHz BELGI/ kHz
5 1 4 5 0 5 AA 10.3461762 -5.9 —6
EA  10.3442233 -0.1 -2
EE 10.3441931 6.3 7
EE* 10.3441991 7.9 7
5 2 4 5 1 5 AA 251571167 6.2 6
EA  25.1475382 6.4 6
EE 25.1475578 4.7 -4
EE* 25.1473114 -0.3 0
5 2 3 5 1 4 AA 20.5352440 -0.5 0
AE  20.5351609 -0.4 0
EA  20.5334677 -0.2 0
EE  20.5332603 11 1
EE* 20.5335105 0.4 1
5 3 3 6 2 4 AA 13.3086619 11 1
AE  13.3083715 -0.3 -1
6 0 6 5 0 5 AA 23.3850077 -1.3 -2
AE  23.3850077 2.4 3
EA  23.3848601 -1.6 -2
EE  23.3848601 2.2 2
EE* 23.3848601 2.1 2
6 0 6 5 1 5 AA 18.0450519 6.2 6
AE  18.0450678 0.8 1
EA  18.0466792 2.4 2
6 1 5 5 1 4 AA 24.6679807 -5.8 —6
AE  24.6679807 -0.1 0
EA  24.6677775 -3.3 -4
EE 24.6677775 1.7 2
EE* 24.6677775 3.1 3
6 1 6 5 1 5 AA 22.6758150 -1.6 -2
AE  22.6758150 0.3 0
EA  22.6757917 1.2 1
EE  22.6757917 3.8 4
EE* 22.6757917 2.3 2
6 2 4 5 2 3 AA 24.0867394 -2.5 -3
AE  24.0867394 1.7 2
EA  24.0847911 2.1 -3
EE 24.0848517 -0.4 0
EE* 24.0847268 0.9 1
6 2 5 5 2 4 AA 23.7109440 -0.3 -1
AE  23.7109440 2.1 3
EA  23.7127166 -0.5 -1
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Table E-4 continued

Upper level Lower level Vobs Vobs —Vcale  Vobs — Vcale
J Ka K¢ J Ka K GHz XIAM / kHz BELGI/ kHz
6 2 5 5 2 4 EE 23.7126530 2.2 2
EE* 23.7127766 -0.4 0
6 1 5 6 0 6 AA 11.6291544 -5.1 -5
AE 11.6291281 4.9 6
EA 11.6271406 -1.9 -4
EE 11.6271066 1.9 3
EE* 11.6271111 3.4 3
6 2 4 6 1 5 AA 19.9539999 0.0 0
AE  19.9539184 0.2 0
EA  19.9504791 -1.2 -1
EE  19.9503367 1.2 1
7 0 7 6 1 6 AA 225047858 8.1 8
AE 22.5047919 4.6 -4
EA 22.5062581 5.3 5
EE 22.5062581 -11.5 -11
EE* 225062581 -15.5 -14
7 1 6 6 2 5 AA 9.5361126 0.3 0
AE 9.5361874 -1.2 0
EA 9.5432949 -1.2 -2
EE 9.5433061 -0.1 0
EE*  9.5434355 -3.0 -3
7 1 6 7 0 7 AA 13.2235708 -2.0 -3
AE  13.2235322 -2.0 -1
EA  13.2214990 2.7 -5
EE 13.2214668 4.8 6
EE* 13.2214668 2.6 2
7 2 5 7 1 6 AA  19.4437921 0.7 1
AE  19.4437120 0.3 0
EA  19.4395908 0.3 0
EE  19.4394781 2.0 2
EE* 19.4395426 -3.0 -3
6 3 3 7 2 6 AA 10.2690466 -0.7 -1
AE 10.2689538 0.0 0
8 1 7 7 2 6 AA 14.6672631 0.5 -1
AE 14.6673347 0.6 0
EA  14.6734551 -0.8 -2
EE 14.6734883 -3.1 -2
EE* 14.6735649 -0.9 0
8 1 7 8 0 8 AA 15.1534592 -0.3 -2
AE  15.1534144 -3.7 -2

EA  15.1513266 -2.3 —4
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Table E-4 continued
Upper level Lower level Vobs Vobs —Vcale  Vobs — Vcale
J Ka K¢ J Ka K GHz XIAM / kHz BELGI/ kHz
EE 15.1512804 —-6.3 -5
EE* 15.1512875 -0.9 -1
8 2 6 8 1 7 AA 19.0674393 0.8 1
AE  19.0673615 0.3 1
EA  19.0630090 -0.2 0
EE 19.0629093 -2.1 -2
EE* 19.0629539 1.5 1
9 1 8 8 2 7 AA 19.8913872 3.0 2
AE 19.8914512 -1.9 -1
EA  19.8969845 -2.3 -3
EE 19.8970319 -1.2 0
EE* 19.8970818 3.5 5
9 1 8 9 0 9 AA 17.4297980 1.5 0
AE  17.4297532 1.5 3
EA 17.4275831 -5.0 -7
EE 17.4275456 3.0 5
EE* 17.4275456 1.4 2
9 2 7 9 1 8 AA 18.8843503 -0.1 0
AE 18.8842764 0.7 1
EA  18.8799147 -0.6 -1
EE 18.8798301 2.2 3
EE* 18.8798499 -3.5 -4
10 1 9 10 0 10 AA 20.0464823 3.3 0
AE  20.0464266 -3.5 -2
EA 20.0441550 -3.4 —6
EE  20.0441115 2.8 5
EE* 20.0441115 1.2 3
10 2 8 10 1 9 AA 18.9474085 -1.0 -1
AE 18.9473385 1.1 2
EA  18.9430898 -0.9 -2
EE 18.9430091 -1.4 -1
EE* 18.9430303 3.4 2
117 1 10 11 0 11 EA 22.9766811 -15 -5
EE 22.9766300 2.3 4
EE* 22.9766300 0.6 3
11 2 9 10 3 8 AA 10.7512117 -1.0 -2
AE 10.7513496 -2.9 -1
EA  10.7689965 2.5 0
EE 10.7688578 1.0 2
EE* 10.7694128 2.6 3




Coefficients of the two-dimensional Fourier expansior the energy potential surface calculated

Chapter 6
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Table F-1/A

APPENDIX F

at the MP2/6-311++G(d,p) level of theory (Figure 2)

Nr Coefficient Value
1 1 —271.0437055(49)
2 Ccos@1) + cos(py) —0.0023296(48)
3 CoS(®1) + cos(Dy) 0.0006021(48)
4 coS(®7) + cos(D2) —0.0009031(48)
5 COS(4;) + cos(4p2) —0.0002170(48)
6 cos(;) + cos(wy) —0.0000394(48)
7 cos(@;) + cos(@y) 0.0000288(48)
8 C0S{1)COSs(p2) 0.0016448(94)
9 sing1)sin(ez) —0.0006171(101)

10 c0s(1)cos(2pz) + coS(21)CcOS(p2) —0.0007183(67)

11 sinfp1)sin(2p,) + sin(2p1)sin(@») 0.0005676(71)

12 cos(d1)cos(2p>) 0.0005917(95)

13 sin(2p1)sin(2p,) —0.0005528(101)

14 c0s01)cos(3p2) + COS(1)cOS(p2) 0.0000660(67)

15 sinfp1)sin(3p2) + sin(3p1)sin(®2) —-0.0001243(71)

16 cos(21)cos(3p,) + cos(31)cos(2p,) —-0.0001930(67)

17 sin(2p1)sin(3py) + sin(3p1)sin(2p,) 0.0001550(71)

18 cos(®1)cos(3py) 0.0005678(95)

19 sin(3p1)sin(3py) —0.0003813(99)

20 c0S(1)coS(4p,) + COS(4p1)COS(p2) 0.0001486(67)

21 sinfp1)sin(4p2) + sin(4p1)sin(®2) —-0.0001692(71)

22 cos(21)cos(4p,) + cos(4p1)cos(2p,) —-0.0001806(67)

23 sin(2p1)sin(4py) + sin(4p1)sin(2p,) 0.0001792(71)

24 cos(®1)cos(4p,) + cos(4p1)cos(3pz) 0.0002397(67)

25 sin(3p1)sin(4py) + sin(4p1)sin(3p,) —-0.0002189(70)
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Table F-1/A continued

Nr Coefficient Value

26 cos(41)cos(4p>) 0.0001294(95)
27 sin(4p1)sin(4p,) —-0.0001102(99)
28 cos@1)cos(Gpy) + cos(Tp1)cos(p2) —0.0000049(67)
29 sinfp1)sin(5p2) + sin(Sp1)sin(®2) 0.0000237(70)
30 cos(21)cos(5p,) + cos(Tp1)cos(2p,) 0.0000722(67)
31 sin(2p1)sin(5py) + sin(Gp1)sin(2p,) —-0.0000717(70)
32 cos(®1)cos(5p,) + cos(ap1)cos(3p,) —-0.0001440(67)
33 sin(3p1)sin(5py) + sin(Gp1)sin(3p,) 0.0001380(70)
34 cos(41)cos(F,) + cos(T1)cos(4p.) —-0.0001121(68)
35 sin(4p1)sin(5py) + sin(Gp1)sin(4es,) 0.0001062(70)
36 cos(my)cos(5p2) 0.0001291(96)
37 sin(Gp1)sin(5py) —-0.0001385(99)
38 cos1)cos(Gp,) + cos(@1)cos(py) —-0.0000196(67)
39 sinfp1)sin(6p,) + sin(6p1)sin(®2) 0.0000011(70)
40 cos(21)cos(Gp,) + cos(@p1)cos(2p,) 0.0000058(67)
41 sin(2p1)sin(6py) + sin(Gp1)sin(2p,) 0.0000005(70)
42 cos(®1)cos(Gp,) + cos(@p1)cos(3p,) 0.0000508(68)
43 sin(3p1)sin(6py) + sin( Gp1)sin(3py) —-0.0000762(70)
44 cos(41)cos(Gp,) + cos(@p1)cos(4p,) 0.0000854(67)
45 sin(4p1)sin(6py) + sin( Gp1)sin(4py) —-0.0000778(70)
46 cos(91)cos(Gp,) + cos(@p1)cos(5p,) —-0.0000879(68)
47 sin(p1)sin(6py) + sin(Gp1)sin(5p,) 0.0000832(69)
48 cos(@1)cos(6p2) 0.0000521(96)
49 sin(Gp1)sin(6py) —0.0000375(98)
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Table F-1/B
Cartesian nuclear coordinates of the most stabiéocmer of diethyl ketone optimized at the
MP2/6-311++G(d,p) level of theory §Gymmetry) in th&Gaussiars internal coordinate system (called standard

orientation) and in the principal inertial axes.

Gaussiarninternal coordinate system principal inertial axes

alA b /A c/A alA b /A c/A

Cl 0.000003 0.078506 —0.000160 0.000002 0.038026 —0.000146
02 0.000012 1.298824 -0.000219 0.000011 1.258344 —-0.000179
C3 —-1.284442 -0.726812 —-0.118651 -1.284511 -0.767290 -0.117914
C4 —2.543444 0.114897 0.055447 —-2.543413 0.074415 0.056928
H5  -1.243149 -1.547379 0.608666 -1.242798 -1.587873 0.609361
H6  -1.266481 —-1.204900 -1.107877 -1.267120 -1.245357 -1.107161
H7 —3.438381 —0.502429 —-0.059074 -3.438415 —-0.542909 —-0.057090
H8  -2.564408 0.577366 1.045413 —2.563806 0.536862 1.046916
H9 —2.573333 0.918214 -0.683312 -2.573728 0.877748 —0.681796
C10 1.284404 —-0.726839 0.118417 1.284471 -0.767322 0.117672
Cl1 2.543476 0.114887 —0.054945 2.543443 0.074408 —0.056397
H12 1.243308 —-1.547147 —0.609206 1.242956 -1.587614 —0.609945
H13 1.266071 -1.205333 1.107448 1.266709 -1.245837 1.106703
H14 3.438360 —0.502515 0.059569 3.438393 —-0.542996 0.057587
H15 2.564756 0.577805 —1.044695 2.564152 0.537348 -1.046149
H16  2.573181 0.917884 0.684170 2.573574 0.877389 0.682718

Table F-2/A

Coefficients of the two-dimensional Fourier expansior the energy potential surface calculated

at the B3LYP /6—-311++G(d.p) level of theory (Fig&je

Nr Coefficient Value
1 1 —271.8628216(13)
2 cos@1) + cos(py) —0.0023493(13)
3 CoS(®1) + cos(Dy) 0.0002507(13)
4 coS(®1) + cos(D2) —0.0008071(13)
5 COS(4;) + cos(4p2) —0.0001849(13)
6 cos(;) + cos(wy) —0.0000245(13)
7 cos(@;) + cos(@y) 0.0000300(13)
8 C0S{1)COSs(p2) 0.0014733(26)
9 sinp1)sin(ey) —0.0005921(27)

10 c0s{1)cos(2p2) + coS(21)CcOS(p2) —0.0006350(19)

11 sinp1)sin(2p,) + sin(2p1)sin(ez) 0.0004722(19)
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Table F-2/A continued

Nr Coefficient Value

12 cos(®1)cos(2p>) 0.0005024(26)
13 sin(2p1)sin(2py) —0.0004539(27)
14 c0s{1)cos(3p2) + coS(B1)coS(p2) 0.0000639(19)
15 sinfp1)sin(3p,) + sin(3p1)sin(@y) —0.0000543(19)
16 cos(21)cos(3p2) + cos(1)cos(2p2) —0.0001415(19)
17 sin(2p1)sin(3p,) + sin(3p1)sin(2py) 0.0001191(19)
18 cos(®1)cos(3p2) 0.0004753(26)
19 sin(3p1)sin(3py,) —0.0003669(27)
20 c0s{1)cos(4py) + cOS(4p1)COS(p2) 0.0001153(19)
21 sinfp1)sin(4p,) + sin(4p1)sin(@y) —0.0001096(19)
22 coS(21)cos(4po) + cos(4p1)cOS(2p2) —-0.0001188(18)
23 sin(2p1)sin(4p,) + sin(4p1)sin(2py) 0.0001186(19)
24 coS(®1)cos(4po) + cos(4p1)cos(3p2) 0.0001598(18)
25 sin(3p1)sin(4p,) + sin(4p1)sin(3py) —0.0001467(19)
26 cos(41)cos(4p>) 0.0000560(26)
27 sin(4p1)sin(4p,) —0.0000555(27)
28 cos@1)cos(Gpy) + cos(p1)cos(p2) —0.0000148(18)
29 sinfpy)sin(5p,) + sin(5p1)sin(@y) 0.0000337(19)
30 cos(d1)cos(Tp,) + cos(Tp1)cos(2p,) 0.0000663(18)
31 sin(2p1)sin(5p,) + sin(5p1)sin(2py) —0.0000665(19)
32 cos(®1)cos(5p,) + cos(Tp1)cos(3pz) —0.0000984(18)
33 sin(3p1)sin(5p,) + sin(5p1)sin(3p2) 0.0000954(19)
34 cos(41)cos(m,) + cos(T1)cos(4po) —0.0000546(18)
35 sin(4p1)sin(5p,) + sin(5p1)sin(4ey) 0.0000534(19)
36 cos(my)cos(5p2) 0.0000684(26)
37 sin(p1)sin(5p,) —0.0000666(27)
38 c0s1)cos(Gp,) + cos(G1)cos(py) —-0.0000072(18)
39 sinfp1)sin(6p,) + sin(6p1)sin(®2) 0.0000053(19)
40 cos(21)cos(Gp,) + cos(@p1)cos(2p,) —-0.0000048(18)
41 sin(2p1)sin(6py) + sin(Gp1)sin(2p,) 0.0000040(19)
42 cos(®1)cos(Gp,) + cos(@p1)cos(3pz) 0.0000437(18)
43 sin(3p1)sin(6py) + sin( Gp1)sin(3py) —-0.0000514(19)
44 cos(41)cos(Gp,) + cos(6p1)cos(4p,) 0.0000468(19)
45 sin(4p1)sin(6py) + sin( p1)sin(4py) —-0.0000501(19)
46 cos(91)cos(Gp,) + cos(@p1)cos(5p,) —-0.0000494(19)
47 sin(p1)sin(6py) + sin(Gp1)sin(5p,) 0.0000495(19)
48 cos(@1)cos(6p>) 0.0000283(26)
49 sin(Gp1)sin(6p,) —0.0000271(27)




B3LYP/6-311++G(d,p) level of theory fEsymmetry) in th&saussiars internal coordinate system (called

Table F-2/B

APPENDIX F

Cartesian nuclear coordinates of the most stabiéocmer of diethyl ketone optimized at the

standard orientation) and in the principal ineréigés.

Gaussianinternal coordinate system

principal inertial axes

alA b /A c/A alA b /A c/A
Cil 0.000000 0.077013 0.000010 0.000000 0.036467 0.000010
02 0.000000 1.289036 —0.000013 0.000000 1.248490 -0.000011
C3 —-1.294225 —-0.728282 0.000800 -1.294225 -0.768829 0.000794
C4 —-2.560315 0.124092 -0.000368 —-2.560315 0.083545 —0.000377
H5 -1.269282 —-1.394909 0.872361 -1.269285 -1.435457 0.872354
H6 -1.269162 -1.397287 —0.868913 -1.269159 -1.437832 —0.868920
H7 -3.449941 -0.510510 0.000717 -3.449941 -0.551057 0.000704
H8 —-2.597901 0.771700 0.877698 —-2.597904 0.731152 0.877690
H9 —-2.598154 0.768968 —0.880444 —-2.598151 0.728423 —0.880452
C10 1.294225 -0.728282 —0.000812 1.294225 —-0.768828 —0.000808
C1l1 2.560316 0.124091 0.000387 2.560316 0.083545 0.000397
H12 1.269278 —1.394867 —0.872405 1.269281 —-1.435412 —0.872402
H13 1.269166 —1.397329 0.868869 1.269163 -1.437876 0.868872
H14 3.449941 -0.510510 -0.000747 3.449941 —-0.551056 —-0.000735
H15 2.597887 0.771752 -0.877641 2.597890 0.731207 -0.877630
H16 2.598168 0.768916 0.880502 2.598165 0.728369 0.880513
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Table F-3
Observed frequencie¥ ¢ps) of diethyl ketone in the frequency range fromd3tb. 36.0 GHz using the scan

mode of the spectrometer described inr&ih the experimental setup sectialsps. — Vcale. Values as obtained

after a fit with XIAM. The fitted rotational consits are given below the frequencies.

Upper level Lower level  vops Vobs —Vcalc.
J Ki K¢ J Ki K¢ GHz MHz

8 1 8 7 0 7 31.62900 -0.4167
3 2 2 2 1 1 31.68750 0.0817
12 1 11 11 2 10 31.75963 -0.0149
15 1 14 15 0 15 32.02475 -0.1852
11 3 8 11 2 9 32.15600 -0.5596
10 0 10 9 1 9 32.35700 0.0422
3 2 1 2 1 2 32.58225 0.3415
10 3 7 10 2 8 32.97425 -0.3261
9 3 6 9 2 7 33.67625 -0.0614
8 3 5 8 2 6 34.24475 0.1448
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Table F-3 continued

Upper level Lower level  vops Vobs —Vcalc
GHz MHz

34.67725 0.2270
34.88500 0.4553
34.98400 0.1270
35.18500 0.4845
35.30300 0.0645
35.36275 —0.8936
35.42875 —0.6203
35.43150 1.0064
35.47600 —0.0400
35.87175 0.0607
A/ GHz 8.892310(28)

B/ GHz 1.954112(13)

C/GHz 1.670162(14)
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Table F-4

Observed AA. AE. EE and EE* species frequencdiesy§) of diethyl ketoneVops,—Vcalc. values as obtained
after a fit with XIAM.

Upper level  Lower level VObs Vobs —Vcalc
J Ky K J Ki K¢ GHz kHz
1 1 1 0O 0O O AA 105626611 -2.7
AE 10.5626240 -1.4
EE  10.5625879 2.3
EE* 10.5625879 -0.5
1 1 O 1 0 1 AA 7.2223052 3.2
AE 7.2222687 3.7
EE 7.2222299 0.4
EE* 7.2222299 3.3
2 1 2 1 0 1 AA 139030136 -6.1
AE 13.9029783 -3.5
EE  13.9029417 -1.7
EE* 13.9029417 -2.6
2 1 1 2 0 2 AA 7.5148153 -2.7
AE 7.5147816 1.9
EE 7.5147468 4.9
EE* 7.5147468 5.8
2 2 1 2 1 2 AA 216668614 11.3
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Table F-4 continued
Upper level Lower level VObs Vobs —Vcale
J Ki K J Ki K GHz kHz
2 2 1 2 1 2 AE 21.6666480 3.8
EE 21.6662637 0.5
EE* 21.6666194 -5.3
2 2 0 2 1 1 EE 20.8235884 -6.3
EE* 20.8232280 -5.2
3 1 3 2 0 2 AA 17.1046482 -10.5
AE 17.1046178 -3.5
EE 17.1045821 -1.6
EE* 17.1045821 -2.1
3 2 1 3 1 2 AA 20.4370037 -0.5
AE 20.4369109 -3.1
EE 20.4368619 0.6
EE* 20.4367900 3.7
4 0 4 3 1 3 AA 8.1466328 5.5
AE 8.1466489 -9.9
EE 8.1466900 -0.7
EE* 8.1466900 -0.2
4 1 4 3 0 3 AA 20.1785087 -9.1
AE 20.1784764 -5.0
EE 20.1784462 1.4
EE* 20.1784462 1.1
4 2 2 4 1 3 AA 19.9648948 -2.2
AE 19.9647945 -15
EE* 19.9646870 4.5
5 0 5 4 1 4 AA 121869861 -3.2
AE 12.1870257 7.3
EE 12.1870505 2.8
EE* 12.1870505 3.1
5 1 4 5 0 5 AA 9.4441392 3.1
AE 9.4440938 1.3
EE 9.4440561 7.2
EE* 9.4440561 7.3
5 1 5 4 0 4 AA 23.1420602 -4.3
AE  23.1420278 -1.4
EE 23.1420278 -1.6
EE* 19.4435255 -1.1
5 2 3 5 1 4 AA 19.4434240 0.0
AE  19.4433260 -0.7
EE  19.4433260 9.9
5 2 4 5 1 5 AE 234025056 5.2
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Table F-4 continued

Upper level Lower level VObs Vobs —Vcalc
J Ka K¢ J Ka K¢ GHz kHz
5 2 4 5 1 5 EE 23.4023716 -3.2
EE* 23.4023921 6.7
5 3 2 6 2 5 AA 13.7734428 -3.3
EE* 13.7730841 -2.8
5 3 3 6 2 4 AA 13.1822798 -1.5
EE* 13.1819219 -1.0
6 O 6 5 1 5 AA 16.2662223 4.9
AE 16.2662466 2.9
EE 16.2662727 2.5
EE* 16.2662727 2.8
6 1 5 6 0 6 AA 105138487 -4.4
AE 10.5138061 -0.7
EE 10.5137661 5.6
EE* 10.5137661 5.7
6 2 4 6 1 5 AA 18.9166952 1.3
AE 18.9165935 1.2
EE 18.9164914 -1.9
EE* 18.9164914 3.3
6 2 5 6 1 6 AA 242800517 0.0
AE 24.2799344 4.2
EE 24.2798129 6.8
EE* 24.2798129 1.5
6 3 3 7 2 6 AA 10.2670098 -2.6
AE 10.2669639 -1.4
EE 10.2671635 -3.7
EE* 10.2666510 -3.9
6 3 4 7 2 5 AA 9.2124080 0.4
AE 9.2120982 0.1
EE 9.2115388 -0.7
EE* 9.2120518 0.0
7 0 7 6 1 6 AA 20.3515538 35
AE 20.3515758 2.2
EE 20.3515981 1.2
EE* 20.3515981 1.3
7 1 6 6 2 5 AA 7.9116209 -3.9
AE 7.9117183 -1.6
EE 7.9118178 0.0
EE* 7.9118178 5.5
7 1 6 7 0 7 AA 11.8401199 -6.3
AE 11.8400733 -3.3

CHAPTER ¢
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Table F-4 continued
Upper level Lower level VObs Vobs —Vcalc
J Ka K¢ J Ka K¢ GHz kHz
7 1 6 7 0 7 EE 11.8400266 -0.4
EE* 11.8400266 -0.3
7 2 5 7 1 6 AA 18.4333419 0.8
AE 18.4332438 2.3
EE 18.4331450 1.6
EE* 18.4331450 45
7 4 3 8 3 6 AA 20.4279288 -0.6
EE* 20.4274312 -0.1
7 4 4 8 3 5 AA 20.3540660 -0.8
EE*  20.3535687 0.2
8 1 7 7 2 6 AA 12.5466269 -3.8
AE 12.5467188 -2.1
EE 12.5468114 -1.4
EE* 12.5468114 1.7
8 1 7 8 0 8 AA 13.4449660 -8.2
AE 13.4449177 -3.0
EE 13.4448677 0.6
EE*  13.4448677 0.6
8 2 6 8 1 7 AA 18.0444029 0.6
AE 18.0443052 0.0
EE 18.0442084 -0.5
EE*  18.0442084 1.2
8 4 5 9 3 6 AA 16.6092800 2.5
AE 16.6077737 0.2
EE* 16.6087806 -0.6
8 4 4 9 3 7 AA 16.7565454 0.5
AE 16.7575524 -0.4
EE*  16.7560490 0.0
9 1 8 8 2 7 AA 17.2684168 -0.9
AE 17.2685038 0.8
EE 17.2685855 -3.8
EE* 17.2685855 -1.9
9 2 7 9 1 8 AA 17.7993752 1.2
AE 17.7992806 1.0
EE 17.7991871 1.4
EE*  17.7991871 2.5
9 4 5 10 3 8 AA 13.0820864 -1.1
AE 13.0826230 3.2
EE 13.0838711 -1.5
EE*  13.0815948 0.7
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Table F-4 continued

Upper level Lower level VObs Vobs —Vcalc
J Ka K¢ J Ka K¢ GHz kHz
9 4 6 10 3 7 AA 12.8099088 0.4
AE 12.8088815 -0.8
EE 12.8071357 0.0
EE*  12.8094150 0.9
10 1 9 9 2 8 AA 22.0594216 -6.9
AE 22.0595062 -2.3
EE 22.0595885 -0.7
EE*  22.0595885 0.5
10 2 8 10 1 9 AA 17.7435254 0.6
AE 17.7434338 0.8
EE 17.7433402 -1.4
EE*  17.7433402 -0.7
10 4 6 11 3 9 AA 9.4105200 0.4
AE 9.4106677 -0.1
EE 9.4114273 -0.8
EE* 9.4100284 -0.4
10 4 7 11 3 8 AA 8.9375903 -0.3
AE 8.9369498 -1.1
EE 8.9356973 -1.7
EE* 8.9370976 -0.8
11 2 9 10 3 8 AA 8.3347970 -0.8
AE 8.3349727 -1.1
11 2 9 11 1 10 AA 17.9164614 -0.7
AE 17.9163722 -0.5
EE 17.9162772 -6.3
EE* 17.9162772 -5.9
12 2 10 11 3 9 AA 13.1840171 3.7
AE 13.1841836 0.7
EE 13.1843620 1.9
EE*  13.1843377 -7.3
12 2 10 12 1 11 AA 18.3520910 4.3
AE 18.3520017 2.3
EE 18.3519080 -4.2
EE*  18.3519080 -4.0
13 2 11 12 3 10 AA 18.2057938 5.9
AE 18.2059545 2.9
EE 18.2061157 -4.3
EE* 18.2061157 4.8
13 2 12 12 3 9 AA 8.3807029 3.2
AE 8.3808728 1.4
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Table F-4 continued

Upper level Lower level VObs Vobs —Vcalc

J Ka K¢ J Ki K¢ GHz kHz

13 2 12 12 3 9 EE 8.3810404 1.8
EE* 8.3810404 -7.3
13 2 11 13 1 12 AA 19.0792351 0.0
AE 19.0791485 -0.9
EE 19.0790623 -1.5
EE* 19.0790623 -1.4
14 2 13 13 3 10 AA 10.7653058 -1.1
AE 10.7654794 0.5
EE 10.7656528 4.7
EE* 10.7656528 -1.0
14 2 12 14 1 13 AA 20.1220183 -1.0
AE 20.1219340 -0.6
EE 20.1218528 2.8
EE* 20.1218528 3.0
14 5 9 15 4 12 AA 8.6936393 1.4
AE 8.6944168 1.2
EE 8.6960557 1.9
EE* 8.6930175 -0.9
15 2 14 14 3 11 AA 12.8260643 2.3
AE 12.8262337 -0.4
EE 12.8264042 0.2
EE* 12.8264042 -3.9
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Chapter 7

ACETONE

Table G-1

Calculated geometry parameters in the principatisleaxes of conformer | and conformer Il of aqedo

calculated at the MP2/6-311++G(d,p) level of thedilye atoms are numbered according Figure 1.

Conformer |

Conformer Il

alA b /A c/A

alA b /A c/A

C1
H2
H3
H4
C5
06
C7
H8
H9
H10

-1.272892 -0.729501 0.000000
—1.081814 -1.804351 —0.000100
—-1.862227 —0.463806 —0.881895
—-1.862119 -0.463956 0.882012
0.005052 0.094562 —0.000006
—-0.038031 1.313109 0.000001
1.312822 -0.667002 0.000001
1.359692 -1.315784 0.881198
1.359719 -1.315752 —-0.881219
2.154730 0.025637 0.000026

1.285837 -0.701424 0.000089
2.145403 —0.030996 0.000400
1.319655 —-1.350297 0.881407
1.320337 —-1.350354 —0.881161
0.000000 0.101165 —-0.000454
0.000000 1.320810 0.000125
-1.285837 -0.701424 0.000088
-1.320318 -1.350390 —0.881134
-1.319675 -1.350260 0.881433
—2.145403 —0.030996 0.000356

Table G-2

Coefficients of the two-dimensional Fourier expansior the energy potential surface calculated

of acetone (Figure 2).

Nr Coefficient Value
1 1 ~192.6543734
2 cos(91) —0.000842712
3 Sin(3py) 0.000060634
4 cos(92) —0.0008575
5 Sin(3p2) 0.000023194
6 cos(@1) 0.000005413
7 sin(Gp1) —0.00004765
8 cos(@2) 0.000029853
9 sin(Gp2) —0.00000136

10 cos(®1)cos(3p) 0.000359391

11 sin(3p1)sin(3pz) —0.000228804




Table G-2 continued

Nr Coefficient Value
12 cos(®1)sin(3py) 0.000016086
13 sin(3p1)cos(3p2) —0.000043293
14 cos(1)cos(3p) 0.00003598
15 sin(Gp1)sin(3pz) —-0.000078232
16 cos(®1)sin(3py) —-0.000013
17 sin(Gp1)cos(3p2) 0.000029221
18 cos(®1)cos(Gpy) 0.000002386
19 sin(3p1)sin(6p,) —0.000053965
20 cos(®1)sin(6py) —0.000033491
21 sin(3p1)cos(6Gpo) —-0.000007684
22 cos(®1)cos(Gpy) 0.000018939
23 sin(Gp1)sin(6p,) 0.000037869
24 cos(@1)sin(6py) 0.000030439
25 sin(Gp1)sin(6p,) 0.000020775
Table G-3

Potential functions for the rotation around theedital anglep, = [I(H,, C,, G, Og) (Figure 4). Energies were
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calculated in a 10° grid and parametrized as ai€oseriesV(¢) = a, +Zaicos(i¢) .

cm?t
2y 82.3802
P 104.1293
3 19.1976

i=1
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Table G-4
Observed AA, AE, EE, and EE* species frequendiksy§) of acetoneYops.—Vcalc. values as obtained after a
fit with XIAM.
Upper level Lower level Vobs Vobs —Vcalc
J Ka K¢ J Ki K¢ GHz kHz
1 1 0 1 0 1 AA 5276.0582 3.5
AE 5269.0711 32.6
EE 5270.9075 =-17.7
EE* 5253.0496 184.1
4 3 1 4 2 2 AA 11583.0825 -219.1
EE 11585.2358 -115.1
EE* 11525.0518 226.9
3 2 1 3 1 2 AA 10762.7108 -124.4
AE 10751.6624 -54.1
EE 10749.9321 -122.1
EE* 10731.3372 140.3
2 1 1 2 0 2 AA 11286.1453 -134.7
AE 11272.4608 —-75.4
EE 11265.2549 -91.6
EE* 11252.5027 -70.4
1 1 1 0 0 0 AA 15096.3277 -15.1
AE 15074.0747 11.9
EE 15038.5119 2.9
EE* 15064.9267 -5.8
2 2 1 2 1 2 AA 15827.7432 4.7
AE 15750.8557 126.6
EE 15615.7336 314
EE* 15736.2383 715
5 3 2 5 2 3 AA 16943.5266 —-86.6
AE 16937.6855 514
EE 16943.5266 36.9
EE* 16920.8730 222
4 2 2 4 1 3 AA 18667.5826 =27
AE 18654.2970 93.9
EE 18651.6569 104.8
EE* 18630.8827 -9.9
3 1 2 3 0 3 AA 20454.9089 -82.4
AE 20426.4864 25.2
EE 20404.2354 17
EE* 20392.1014 —-24.7
3 2 2 3 1 3 AA 22468.8796 —74.5
AE 22413.0439 -12.8

EE 22346.2788 —89.8
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Table G-4 continued

Upper level Lower level VObs Vobs —Vcalc
J Ka K¢ J Ki K¢ GHz kHz
3 2 2 3 1 3 EE* 22367.8725 -37.5
2 0 2 1 1 1 AA 22793.2803 -75.6
AE 22800.3776 -24.4
EE 22820.8286 24.8
EE* 22794.3188 -14.8
4 3 2 4 2 3 AA 23549.0261 42.5
AE 23469.2274 80.1
EE 23352.2400 -40
EE* 23426.9883 25.7
2 1 2 1 0 1 AA 24916.4873 -27.5
AE 24899.5046 17.3
EE 24876.5477 13.4

EE* 24888.2479 78.5

Table G-5

Observed AA, AE, EE, and EE* species frequendiksy§) of acetoneYops.—Vcalc. values as obtained after a

fit with Erham.

Upper level Lower level Vobs Vobs — Vcalc.
J N J N MHz kHz
1 3 1 1 EE 5253.0496 -13.9

EE* 5269.0711 0.6
AE 5270.9075 3.3
AA 5276.0582 15
3 5 3 3 EE 10731.3372 -20.7
EE* 10749.9321 -8.1
AE  10751.6624 5.6
AA  10762.7108 11.6
2 3 2 1 EE 11252.5027 0.0
EE* 11265.2549 -11.5
AE  11272.4608 -0.3
AA  11286.1453 17.0
4 7 4 5 EE 11525.0518 -38.1
EE* 11583.0825 12.2
AA 11585.2358 0.8
1 2 0 1 EE* 15038.5119 -2.4
EE 15064.9267 -0.8
AE 15074.0747 -0.9
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Table G-5continued

Upper level Lower level VObs Vobs —Vcalc
J N J N MHz kHz
1 2 0 1 AA 15096.3277 -2.0
2 4 2 2 EE 15615.7336 5.2

EE* 15736.2383 2.5
AE 15750.8557 11.9
AA 15827.7432 51
5 7 5 5 EE 16920.8730 -8.8
EE* 16937.6855 -12.0
AE 16943.5266 21.0
AA  16943.5266 14.8
4 5 4 3 EE 18630.8827 —75.6
EE* 18651.6569 -6.4
AE 18654.2970 -2.1
AA 18667.5826 33.1
3 3 3 1 EE 20392.1014 20.2
EE* 20404.2354 —-7.0
AE 20426.4864 3.7
AA  20454.9089 234
3 4 3 2 EE 22346.2788 -14.5
EE* 22367.8725 5.4
AE 22413.0439 0.6
AA  22468.8796 16.5
2 1 1 2 EE 22793.2803 21.9
EE* 22794.3188 9.2
AE 22800.3776 -0.4
AA  22820.8286 -10.2
4 6 4 4 EE 23352.2400 -25.2
EE* 23426.9883 -7.3
AE 23469.2274 13.1
AA  23549.0261 25.3
2 2 1 1 EE 24876.5477 -6.7
EE* 24888.2479 5.7
AE 24899.5046 -5.9
AA 24916.4873 1.0
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311++G(d,p) level of theory. The atoms are numbewbrding Figure 1.

Chapter 8

DIETHYL AMINE

Table H-1

Cartesian coordinates of the nuclei in diethyl amimthe principal axes of inertia as calculatethatMP2/6-

alA b /A c/A
C1l 2.451988 -0.36844:5 -0.006933
C2 1.217280 0.523378 0.016279
H3 3.365912 0.231591 0.028268
H4 2.458552 -1.041758 0.856914
H5 2.461655 -0.975631 -0.915403
H6 1.230935 1.157356 0.921422
H7 1.229163 1.199429 -0.846588
C8 -1.217318 0.523407 0.016223
C9 -2.451962 -0.368462 —-0.006908
H10 -1.230930 1.157427 0.921312
H11 -1.229190 1.199341 -0.846723
H12 -3.365939 0.231476 0.028664
H13 -2.461812 -0.975437 —-0.915509
H14 -2.458258 -1.041967 0.856792
N15 0.000005 -0.279132 -0.072153
Cl6 -0.000022 -0.953151 0.691174
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Table H-2
Observed frequenciesdys) of diethyl aminevc,. is the calculated valuggps. — Vcarc. values obtained after a fit
with programspfit. J, K,, andK, are the asymmetric top rotational quantum numbedgnotes the inversional
inversion sublevels) = 0 andv = 1 correspond to the symmetric (+) state andtiissymmetric €) state,

respectivelyF is the total angular momentum in the coupled bagisF =J +1.

Upper level Lower level Vobe. Vons. — Vealc,
J Ka Ke v F J Ka Ke v F MHz MHz
1 1 1 1 2 1 0 1 0 2 16272.2349 -0.0037
1 1 1 1 1 1 0 1 0 2 16272.4911 0.0034
1 1 1 1 2 1 0 1 0 1 16271.4336 -0.0023
1 1 1 1 O 1 0 1 0 1 16271.0715 0.0051
1 1 1 1 1 1 0 1 0 O 16273.6939 0.0021
1 1 1 1 1 1 0 1 0 1 16271.6821 —0.0029
1 1 1 0 2 1 0 1 1 2 14750.6458 0.0043
1 1 1 0 1 1 0 1 1 2 14750.8976 0.0061
1 1 1 0 2 1 0 1 1 1 14749.8356 -0.0032
1 1 1 0 O 1 0 1 1 1 14749.4616 0.0012
1 1 1 0 1 1 0 1 1 O 14752.0939 -0.0016
1 1 1 0 1 1 0 1 1 1 14750.0883 —0.0004
2 1 2 1 3 2 0 2 0 3 16150.5074 0.0017
2 1 2 1 2 2 0 2 0 2 16150.7607 -0.0018
2 1 2 1 1 2 0 2 0 1 16150.3635 -0.0015
2 1 2 1 2 2 0 2 0 3 16151.6316 0.0035
2 1 2 1 3 2 0 2 0 2 16149.6419 0.0018
2 1 2 1 1 2 0 2 0 2 16149.0212 0.0025
2 1 2 1 2 2 0 2 0 1 16152.1123 0.0034
2 1 2 0 3 2 0 2 1 3 14628.9112 0.0009
2 1 2 0 2 2 0 2 1 2 14629.1740 -0.0003
2 1 2 0 1 2 0 2 1 1 14628.7625 -0.0005
2 1 2 0 2 2 0 2 1 3 14630.0409 0.0010
2 1 2 0 3 2 0 2 1 2 14628.0447 0.0000
2 1 2 0 1 2 0 2 1 2 14627.4159 -0.0007
2 1 2 0 2 2 0 2 1 1 14630.5195 -0.0011
31 3 1 4 3 0 3 0 4 15969.7336 -0.0055
31 3 1 3 3 0 3 0 3 15970.0418 0.0025
3 1 3 1 2 3 0 3 0 2 15969.6463 -0.0086
31 3 1 3 3 0 3 0 4 15970.9446 -0.0010
3 1 3 1 4 3 0 3 0 3 15968.8327 -0.0002
3 1 3 1 2 3 0 3 0 3 15968.4293 -0.0023
31 3 1 3 3 0 3 0 2 15971.2604 -0.0023
31 3 0 4 3 0 3 1 4 14447.8274 -0.0006
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Table H-2 continued

APPENDIX H

Upper level Lower level Vo, Vobs. = Ve,
J Ka Ke v F J Ko Ko v F MHz MHz
31 3 0 3 3 0 3 1 3 14448.3213 0.0020
3 1 3 0 2 3 0 3 1 2 14447.6556 -0.0001
31 3 0 3 3 0 3 1 4 14449.2237 -0.0018
3 1 3 0 4 3 0 3 1 3 14446.9204 -0.0013
31 3 0 2 3 0 3 1 3 14446.4315 -0.0009
3 1 3 0 3 3 0 3 1 2 14449.5435 0.0009
4 1 4 1 5 4 0 4 0 5 15730.4802 -0.0016
4 1 4 1 4 4 0 4 0 4 15731.0834 0.0016
4 1 4 1 3 4 0 4 0 3 15730.3270 0.0001
4 1 4 1 4 4 0 4 0 5 15732.0207 0.0004
4 1 4 1 5 4 0 4 0 4 15729.5373 —0.0060
4 1 4 1 3 4 0 4 0 4 15729.1539 0.0068
4 1 4 1 4 4 0 4 0 3 15732.2638 0.0022
4 1 4 0 5 4 0 4 1 5 14208.9626 -0.0031
4 1 4 0 4 4 0 4 1 4 14209.5539 0.0024
4 1 4 0 3 4 0 4 1 3 14208.8129 -0.0020
4 1 4 0 4 4 0 4 1 5 14210.4911 0.0011
4 1 4 0 5 4 0 4 1 4 14208.0289 0.0017
4 1 4 0 3 4 0 4 1 4 14207.6346 —0.0005
4 1 4 0 4 4 0 4 1 3 14210.7343 0.0031
5 1 5 1 6 5 0 5 0 6 15435.9816 -0.0025
5 1 5 1 5 5 0 5 0 5 15436.6261 0.0041
5 1 5 1 4 5 0 5 0 4 15435.8548 0.0008
5 1 5 1 5 5 0 5 0 6 15437.5897 -0.0001
5 1 5 1 6 5 0 5 0 5 15435.0200 0.0036
5 1 5 1 4 5 0 5 0 5 15434.6886 -0.0005
5 1 5 1 5 5 0 5 0 4 15437.7879 0.0010
5 1 5 0 6 5 0 5 1 6 13914.4817 0.0022
5 1 5 0 5 5 0 5 1 5 13915.1090 -0.0011
5 1 5 0 4 5 0 5 1 4 13914.3452 -0.0058
5 1 5 0 5 5 0 5 1 6 13916.0747 -0.0032
5 1 5 0 6 5 0 5 1 5 13913.5108 -0.0009
5 1 5 0 4 5 0 5 1 5 13913.1804 -0.0057
5 1 5 0 5 5 0 5 1 4 13916.2790 0.0040
6 1 6 1 7 6 0 6 0 7 15088.5646 0.0034
6 1 6 1 6 6 0 6 0 6 15089.2185 0.0011
6 1 6 1 5 6 0 6 0 5 15088.4434 -0.0070
6 1 6 0 7 6 0 6 1 7 13567.0825 0.0023
6 1 6 0 6 6 0 6 1 6 13567.7338 0.0023
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Table H-2 continued

Upper level Lower level Vobs. Vobe. — Vealc.

J Ka K v F J Ky Ke v F MHz MHz
6 1 6 0 5 6 0 6 1 5 13566.9682 —-0.0020
7 1 7 1 8 7 0 7 O 8 14691.4760 0.0024
7 1 7 1 7 7 0 7 0 7 14692.1387 0.0035
7 1 7 1 6 7 0 7 0 6 14691.3808 0.0026
7 1 7 0 8 7 0 7 1 8 13170.0164 -0.0054
7 1 7 0 7 7 0 7 1 7 13170.6776 -0.0023
7 1 7 0 6 7 0 7 1 6 13169.9238 -0.0031
8 1 8 1 9 8 0 8 0 9 14248.5056 -0.0016
8 1 8 1 8 8 0 8 0O 8 14249.1653 -0.0004
8 1 8 1 7 8 0 8 0 7 14248.4225 -0.0019
8 1 8 0 9 8 0 8 1 9 12727.0959 0.0068
8 1 8 0 8 8 0 8 1 8 12727.7466 0.0018
8 1 8 0 7 8 0 8 1 7 12727.0029 —-0.0040
9 1 9 1 10 9 0 9 0 10 13763.9536 -0.0032
9 1 9 1 9 9 0 9 0 9 13764.6070 0.0013
9 1 9 1 8 9 0 9 0 8 13763.8913 0.0070
9 1 9 0 10 9 0 9 1 10 12242.5801 0.0041
9 1 9 0 9 9 0 9 1 9 12243.2185 -0.0042
9 1 9 0 8 9 0 9 1 8 12242.4965 -0.0072
10 1 10 1 11 10 0 10 0 11 13242.5868 -0.0075
10 1 10 1 10 10 0 10 0 10 13243.2278 -0.0010
10 1 10 1 9 10 0 10 0 9 13242.5388 0.0082
10 1 10 0 11 10 0 10 1 11 11721.2471 -0.0070
10 1 10 0O 10 10 0 10 1 10 11721.8873 0.0006
10 1 10 0 9 10 0 10 1 9 11721.2046 0.0141
11 1 11 1 12 117 0 11 0 12 12689.6162 -0.0057
117 1 11 1 11 11 0 11 0 11 12690.2367 -0.0012
117 1 11 1 10 117 0 11 0 10 12689.5731 0.0074
117 1 11 0 12 11 0 11 1 12 11168.3286 0.0035
11 1 11 0 11 117 0 11 1 11 11168.9378 -0.0018
117 1 11 0 10 117 0 11 1 10 11168.2622 —-0.0069
12 1 12 1 13 12 0 12 0 13 12110.6086 -0.0003
12 1 12 1 12 12 0 12 0 12 12111.2007 -0.0024
12 1 12 1 11 12 0 12 0 11 12110.5612 0.0020
12 1 12 0 13 12 0 12 1 13 10589.3573 —0.0005
12 1 12 0 12 12 0 12 1 12 10589.9489 -0.0018
12 1 12 0 11 12 0 12 1 11 10589.3113 0.0030
1 1 0 1 2 1 0 1 1 2 15633.9979 -0.0069
1 1 0 1 1 1 0 1 1 2 15632.9530 0.0012
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Table H-2 continued

Upper level Lower level Vo, Vobs. = Ve,
J Ka Ko v F J Ka Ko v F MHz MHz
1 1 0 1 2 1 0 1 1 1 15633.2002 -0.0018
1 1 0 1 O 1 0 1 1 1 15634.7899 0.0052
1 1 0 1 1 1 0 1 1 O 15634.1524 -0.0035
1 1 0 1 1 1 0 1 1 1 15632.1463 -0.0028
1 1 0 0 2 1 0 1 0 2 15633.9446 0.0003
1 1 0 0 1 1 0 1 0 2 15632.8983 0.0061
1 1 0 0 2 1 0 1 0 1 15633.1329 -0.0087
1 1 0 0 O 1 0 1 0 1 15634.7142 -0.0011
1 1 0 0 1 1 0 1 0 O 15634.0968 0.0006
1 1 0 0 1 1 0 1 0 1 15632.0924 0.0029
2 1 1 1 2 2 0 2 1 2 15755.8616 -0.0027
2 1 1 1 1 2 0 2 1 2 15756.2897 0.0051
2 1 1 1 2 2 0 2 1 3 15756.7199 -0.0100
2 1 1 1 3 2 0 2 1 3 15756.9953 -0.0040
2 1 1 1 2 2 0 2 1 1 15757.2086 -0.0021
2 1 1 1 1 2 0 2 1 1 15757.6271 -0.0038
2 1 1 0 2 2 0 2 0 2 15755.8068 0.0033
2 1 1 o0 1 2 0 2 0 2 15756.2071 -0.0029
2 1 1 0 2 2 0 2 0 3 15756.6663 -0.0028
2 1 1 0 3 2 0 2 0 3 15756.9383 0.0069
2 1 1 0 2 2 0 2 0 1 15757.1569 0.0071
2 1 1 o0 1 2 0 2 0 1 15757.5542 -0.0022
3 1 2 1 4 3 0 3 1 4 15942.9205 0.0062
31 2 1 3 3 0 3 1 3 15941.9557 0.0037
3 1 2 1 2 3 0 3 1 2 15943.2507 -0.0009
31 2 0 4 3 0 3 0 4 15942.5135 -0.0035
31 2 0 3 3 0 3 0 3 15941.7414 -0.0044
31 2 0 2 3 0 3 0 2 15942.7564 -0.0098
4 1 3 1 5 4 0 4 1 5 16193.3329 0.0038
4 1 3 1 3 4 0 4 1 3 16193.5536 -0.0080
4 1 3 0 5 4 0 4 0 5 16193.3090 0.0001
4 1 3 0 5 4 0 4 0 4 16192.3727 0.0023
4 1 3 0 3 4 0 4 0 3 16193.5536 0.0081
5 1 4 1 6 5 0 5 1 6 16510.3800 0.0029
5 1 4 1 5 5 0 5 1 5 16509.5069 0.0121
5 1 4 1 4 5 0 5 1 4 16510.5509 -0.0062
5 1 4 0 6 5 0 5 0 6 16510.3474 0.0011
5 1 4 0 5 5 0 5 0 5 16509.4473 -0.0095
5 1 4 0 4 5 0 5 0 4 16510.5269 -0.0010
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Table H-2 continued

Upper level Lower level Vo, Vobs. = Ve,
J Ka Ke v F J Ko Ko v F MHz MHz
6 1 5 1 6 6 0 6 1 6 16895.8369 0.0026
6 1 5 1 5 6 0 6 1 5 16896.8666 0.0044
6 1 5 0 7 6 0 6 0 7 16896.6869 0.0065
6 1 5 0 6 6 0 6 0 6 16895.7961 -0.0003
6 1 5 0 5 6 0 6 0 5 16896.8241 -0.0058
7 1 6 1 8 7 0 7 1 8 17355.4941 -0.0004
7 1 6 1 7 7 0 7 1 7 17354.6062 —0.0025
7 1 6 1 6 7 0 7 1 6 17355.6229 0.0006
7 1 6 0 8 7 0 7 0 8 17355.4653 0.0042
7 1 6 0 7 7 0 7 0 7 17354.5694 -0.0024
7 1 6 0 6 7 0 7 0 6 17355.5875 -0.0020
8 1 7 1 9 8 0 8 1 9 17890.3440 -0.0045
8 1 7 1 7 8 0 8 1 7 17890.4718 0.0097
8 1 7 0 9 8 0 8 0 9 17890.3178 0.0017
8 1 7 0 8 8 0 8 0 8 17889.4111 -0.0039
8 1 7 0 7 8 0 8 0 7 17890.4343 0.0045
9 1 8 1 10 9 0 9 1 10 18505.3419 0.0037
9 1 8 1 9 9 0 9 1 9 18504.4252 0.0022
9 1 8 1 8 9 0 9 1 8 18505.4354 -0.0052
9 1 8 0 10 9 0 9 0 10 18505.3046 -0.0033
9 1 8 0 9 9 0 9 0 9 18504.3918 0.0013
9 1 8 0 8 9 0 9 0 8 18505.4064 -0.0040
1 1 0 0 2 O 0 0 1 1 18958.0238 0.0004
1 1 0 0 1 0O 0 0 1 1 18956.9694 -0.0019
1 1 0 0 O 0O 0 0 1 1 18959.5951 -0.0020
1 1 0 1 2 0O 0 0 0 1 20479.6279 0.0061
1 1 0 1 1 0O 0 0 0 1 20478.5701 0.0012
1 1 0 1 O 0O 0 0 0 1 20481.2054 0.0009
2 1 1 0 2 1 0 1 1 1 23164.2764 -0.0045
2 1 1 0 1 1 0 1 1 1 23164.6869 -0.0005
2 1 1 0 2 1 0 1 1 2 23165.0978 0.0142
2 1 1 0 3 1 0 1 1 2 23165.3456 -0.0003
2 1 1 o0 1 1 0 1 1 0 23166.6912 -0.0030
2 1 1 1 2 1 0 1 0 1 24685.8676 -0.0025
2 1 1 1 3 1 0 1 0 2 24686.9452 0.0029
2 1 1 1 1 1 0 1 0 O 24688.2961 -0.0010
1 1 0 1 1 2 0 2 0 2 8223.6792 0.0075
1 1 0 1 2 2 0 2 0 2 8224.7244 -0.0002
1 1 0 1 1 2 0 2 0 1 8225.0252 0.0072
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Table H-2 continued

Upper level Lower level Vobe, Vobs. = Veal
J Kia Ke v F J Ky Ke v F MHz MHz
1 1 0 1 2 2 0 2 0 3 8225.5815 —-0.0087
1 1 0 1 O 2 0 2 0 1 8227.6568 0.0031
1 1 1 0 O 0O 0 0 0 1 19595.8745 -0.0057
1 1 1 1 0 O 0 01 1 19595.9556 0.0074
1 1 1 0 2 0O 0 0 0 1 19596.2530 —-0.0056
1 1 1 1 2 O 0 01 1 19596.3237 0.0061
1 1 1 0 1 0O 0 0 0 1 19596.4978 -0.0107
1 1 1 1 1 O 0 01 1 19596.5689 0.0021
7 0 7 1 7 6 1 6 1 6 14225.7755 -0.0028
7 0 7 0 7 6 1 6 0 6 14225.8714  -0.0047
7 0 7 1 8 6 1 6 1 7 14226.4059 0.0009
7 0 7 0 8 6 1 6 0 7 14226.4955 -0.0025
8 0 8 1 8 7 1 7 1 7 18687.6234 0.0056
8 0 8 0 8 7 1 7 0 7 18687.7230 0.0068
8 0 8 1 9 7 1 7 1 8 18688.2546 0.0061
8 0 8 0 9 7 1 7 0 8 18688.3550 -0.0020
6 0 6 1 5 5 1 4 0 4 8734.6991 0.0000
6 0 6 1 7 5 1 4 0 6 8734.8508 -0.0010
6 0 6 1 6 5 1 4 0 5 8735.7679 -0.0021
6 0 6 0 5 5 1 4 1 4 7213.2465 0.0043
6 0 6 0 7 5 1 4 1 6 7213.3965 0.0033
6 0 6 0 6 5 1 4 1 5 7214.3065 0.0023
7 0 7 1 6 6 1 5 0 5 12418.1468 —-0.0098
7 0 7 1 8 6 1 5 0 7 12418.2877 0.0019
7 0 7 1 7 6 1 5 0 6 12419.1960 -0.0033
7 0 7 0 6 6 1 5 1 5 10896.7381 0.0019
7 0 7 0 8 6 1 5 1 7 10896.8647 0.0002
7 0 7 0 7 6 1 5 1 6 10897.7830 0.0098
2 1 2 0 1 1 0 1 0 1 23557.4320 0.0096
2 1 2 1 1 1 0 1 1 1 23557.4968 0.0007
2 1 2 0 3 1 0 1 0o 2 23558.8597 0.0065
2 1 2 1 3 1 0 1 1 2 23558.9216 0.0013
2 1 2 0 2 1 0 1 0 1 23559.1736 -0.0064
2 1 2 1 2 1 0 1 1 1 23559.2356 -0.0043
2 1 2 0 1 1 0 1 0 O 23559.4239 —-0.0053
2 1 2 1 1 1 0 1 1 O 23559.5004  -0.0024
2 1 2 0 2 1 0 1 0o 2 23559.9902 0.0074
2 1 2 1 2 1 0 1 1 2 23560.0379 -0.0048
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Table H-3

CHAPTER 8

Fitted parameters and their values from the *.parof thespfit program.

19 228 30 O 0.0000E+000 1.0000E+006

10099 1.761499169773003E+004 1.00000000E+0
20099 2.103650247881789E+003 1.00000000E+0
30099 1.981332500668718E+003 1.00000000E+0
299 -2.375483165772915E-004 1.00000000E+0
1199 3.163781997943447E-003 1.00000000E+0
40199 -2.584987545751301E-005 1.00000000E+0
11 7.607706203556969E+002 1.00000000E+0
100 8.056991118960588E-004 1.00000000E+0
-111 -8.056991118960588E-004 1.00000000E-0
1100 -2.275361838059720E-004 1.00000000E+0
-1111 2.275361838059720E-004 1.00000000E-0
1000 -2.972234065302882E-002 1.00000000E+0
-1011 2.972234065302882E-002 1.00000000E-0
40000 2.300661044190619E-004 1.00000000E+0
-40011 -2.300661044190619E-004 1.00000000E-0
210001 4.574740606100134E-001 1.00000000E+0
110010099 4.013637347470256E+000 1.00000000E+0
110040099 1.085358667014616E+000 1.00000000E+0
110210001 2.919882537090598E+000 1.00000000E+0

Table H-4

1.0000E+000 1.0000000000

36 /A

36 /B

36/C

36 /-DJ

36 /-DJIK
36 /-deld
36 /E

36 /0.5EJ
37 /-0.5EJ
36 /0.5EJK
37 /-0.5EJK
36 /0.5EK
37 /-0.5EK
36 /0.5E2
37 /-0.5E2
36 /Fbc

36 /1.5Xaa
36 /0.25X_
36 /Xbc_01

Observed AA, AE, EE, and EE* species frequenciesoafe rotational transitions of diethyl amine. BdK,, K, v,

andF, see Table H-2:g¢ is the frequency of the EE component of the to&@ionultiplet,dops. is the splitting of the

torsional multiplet with respect to the EE compdn@gg — Vr). Ocaic. iS the calculated valudgps — dcalc, Values

were obtained after a fit with the program XIAM.

Upper level Lower level
PP r |\>|}E|EZ l\?lol—ti; 6Obs.—acalc.
J Ka Ke v F J Ka Ke v F
1 1 0 1 1 O 0 0 0 1 EE 20478.5517
EE* 0.0000 -0.0004
AE 0.0184 0.0004
AA 0.0358 0.0001
1 1 0 0 1 O 0 0 1 1 EE 18956.9515
EE* 0.0000 -0.0004
AE 0.0179  -0.0001
AA 0.0360 0.0003
1 1 0 1 O O 0 0 0 1 EE 20481.1875
EE* 0.0000 -0.0004
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Table H-4 continued

Upper level Lower level VEE Sobs.
J Ka Kc N = J Ka Kc N F r MHz MHz 6Obs.—6CaIc.
1 1 0 1 O 0O 0 0 0 1 AE 20481.1875 0.0179 —-0.0001
AA 0.0360 0.0003
1 0 0 O 0O 0 0 1 1 EE 18959.5770
EE* 0.0000 -0.0004
AE 0.0181 0.0001
AA 0.0365 0.0008
1 1 0 2 1 0 1 1 1 EE 23164.2561
EE* 0.0000 —-0.0001
AE 0.0203 0.0021
AA 0.0366 0.0003
1 1 0 1 1 0 1 1 O EE 23166.6726
EE* 0.0000 —-0.0001
AE 0.0186 0.0004
AA 0.0380 0.0017
1 1 1 0 1 0 1 0 1 EE 16271.0523
EE* 0.0000 0.0004
AE 0.0181 0.0006
AA 0.0345 —-0.0007
1 1 0 O 1 0 1 1 1 EE 14749.4430
EE* 0.0000 0.0004
AE 0.0177 0.0002
AA 0.0342 —-0.0010
1 1 1 1 1 0 1 0 O EE 16273.6765
EE* 0.0000 0.0004
AE 0.0176 0.0001
AA 0.0345 —-0.0007
1 1 0 1 1 0 1 1 O EE 14752.0766
EE* 0.0000 0.0004
AE 0.0178 0.0003
AA 0.0350 —-0.0002
1 2 1 1 2 0 2 0 2 EE 16149.0048
EE* 0.0000 0.0001
AE 0.0168 —0.0006
AA 0.0331 -0.0018
1 2 0 1 2 0 2 1 2 EE 14627.3989
EE* 0.0000 0.0001
AE 0.0175 0.0001

AA 0.0341 —0.0008
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Chapter 9

METHYL tert-BUTYL AMINE

Table I-1

Calculated geometry parameters in the principatisleaxes of the only stable conformer of metteyt-butyl

amine. The atoms are numbered according Figure 1.

alA b /A c/A
C1l —2.085233 -0.031084 0.004995
H2 —-2.200183 0.739118 -0.761391
H3 —2.185463 0.445264 0.992064
H4 —2.911582 -0.736638 —0.116142
N5 —0.831278 —0.753696 —0.203081
H6 —0.810791 -1.558025 0.420085
C7 0.413105 0.010154 0.001078
C8 0.528749 0.622978 1.406526
C9 1.558198 -0.981157 -0.212181
C10 0.497436 1.115503 -1.054090
Cl11 -0.249852 1.370380 1.587674
C12 0.445043 -0.157252 2.172568
H13 1.498491 1.117976 1.529099
H14 1.493780 —1.418004 —-1.212976
H15 2.527372 —0.484426 —0.099669
H12 1.506532 -1.792923 0.523777
H13 1.476343 1.603802 —-1.006529
H14 0.362559 0.689433 —2.053051
H15 -0.264245 1.885299 -0.896137

Table I-2

Potential functions for the rotation around theedital anglep = 0(C,o, G;, N, C) (Figure 1). Energies were
15

calculated in a 10° grid and parametrized as ai€oseriesV(¢) = a, +Z:ai cos(ig) .
i=1

Hartree crit
& —252.37410345. 82.3802
P2 0.00363932¢ 104.1293
3 0.00040593¢ 19.1976
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APPENDIX |

Fitted parameters and their values from the *.parof thespfit program.

A. Concerning Fit | in Table 1

5 25 10 0 O0.0000E+000 1.0000E+006 1
a'"120
1099 1.730125922927999E+003 1.00000000E-0
199 2.619170944807567E+003 1.00000000E-0
40099 1.264555349239291E+000 1.00000000E-0
11 6.989034261445589E+002 1.00000000E-0
1000 -1.722751459902137E-001 1.00000000E-0

B. Concerning Fit Il in Table 1

5 25 10 0 O0.0000E+000 1.0000E+006 1
'a"l120
1099 1.730133946676466E+003 1.00000000E-0
199 2.619112140270308E+003 1.00000000E-0
40099 -1.207362571709949E+000 1.00000000E-0
11 6.989008748244427E+002 1.00000000E-0
1000 -1.748742905671537E-001 1.00000000E-0

.0000E+000 1.0000000000

01 /A-(B+C)/2
01 /(B+C)/2
01 /(B-C)/4
01/E

01 /EK

.0000E+000 1.0000000000

01 /A-(B+C)/2
01 /(B+C)/2
01 /(B-C)/4
01/E

01 /EK
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Chapter 10

TRIETHYL AMINE

Table J-1

Cartesian nuclear coordinates of 7 stable confametriethyl amine in the principal axes of inaréis
calculated at the MP2/6-311++G(d,p) level of theory

Conformer | Conformer Il
alA b /A c/A alA b /A c/A
N1 -0.025346 -0.323840 0.580016 -0.174363 0.020183 0.392375
C2 —0.199295 1.119037 0.752136 0.253764 1.117371 -0.475894
H3 0.588598 1.451659 1.437939 -0.599315 1.791841 -0.591073
H4 -1.149774 1.289321 1.273328 0.508366 0.757177 -1.491363
C5 -0.183514 1.997897 -0.509110 1.423501 1.910470 0.098585
H6 -1.009583 1.748752 -1.181472 2.355552 1.339377 0.086685
H7 —0.303073 3.046849 -0.216550 1.583033 2.815417 -0.495635
H8 0.748820 1.905574 -1.069618 1.207830 2.204312 1.129969
C9 -0.851757 -0.918473 -0.462254 0.898701 -0.931283 0.699021
H10 -0.605416 -1.986681 -0.490667 0.470921 -1.678452 1.377282
H11 -0.633795 -0.518743 -1.468839 1.668471 -0.404276 1.271489
Cl2 -2.341837 -0.760590 -0.169732 1.548307 -1.643282 -0.495769
H13  -2.930022 -1.314243 -0.908374 2.302187 -2.350871 -0.135112
H14  -2.570297 -1.148980 0.826747 0.812469 -2.205656 -1.078101
H15 -2.656415 0.285872 -0.212579 2.048307 -0.937774 -1.165926
Cl6 1.358650 -0.788064 0.566542 -1.357160 -0.651227 -0.149074
H17 1.830998 -0.433411  1.490797 -1.224981 -0.919190 -1.214391
H18 1.321614 -1.882727 0.633784 -1.477516 -1.589981 0.403819
C19 2.242300 -0.399211 -0.629927 -2.629957 0.177669 0.011574
H20 3.197145 -0.933004 -0.567907 -2.612307 1.082154 -0.601316
H21 1.770068 -0.665939 -1.580253 -3.499415 -0.412152 -0.296380
H22 2.461034 0.671435 -0.639252 -2.754023 0.469112 1.057932




Table J-1 continued

APPENDIX J

Conformer Il Conformer IV
alA b /A c/A alA b /A c/A
N1 0.000042 -0.000034 -0.026249 —0.000046 -0.409887 -0.274148
C2 —0.644863 1.233365 0.434748 —0.000004 1.007500 -0.649776
H3 -0.402276 1.423763 1.498352 -0.871533 1.180605 -1.287838
H4 -1.727923 1.089413 0.381951 0.871435 1.180466 —1.288006
C5 -0.273824 2.440354 -0.421518 0.000205 2.022552 0.501673
H6 -0.565999 2.262101 -1.459577 0.886148 1.917970 1.135220
H7 -0.788992 3.335318 -0.057307 0.000313 3.038656 0.093498
H8 0.800441 2.641628 -—0.398527 -0.885660 1.918215 1.135356
C9 -0.745677 -1.175277 0.434559 1.194863 -0.813362 0.468367
H10 -1.031548 -1.060710 1.498297 1.102475 -1.892104 0.640239
H11 -0.079570 -2.041293 0.381301 1.238699 -0.340598 1.468242
C12 -1.976730 -1.457141 -0.421469 2.493520 -0.541625 -0.284084
H13 —2.493807 -2.351144 -0.057628 3.324442 -1.039780 0.224694
H14 —-2.688431 -0.627683 -0.397702 2.426083 -0.930818 -1.304205
H15 -1.676552 -1.620296 -1.459730 2.728972 0.524807 -0.331811
Cl16 1.390622 -0.058295 0.434785 -1.194962 -0.813140 0.468476
H17 1.807453 0.951659 0.382140 -1.102608 -1.891840 0.640605
H18 1.434200 -0.363723 1.498356 -1.238724 -0.340120 1.468222
C19 2.250436 -0.982971 -0.421591 —2.493600 -0.541509 -0.284081
H20 3.283029 -0.984445 -0.057247 —2.426026 -0.930789 -1.304156
H21 1.887535 —-2.013925 -0.398875 -3.324551 -1.039638 0.224664
H22 2.242311 -0.640578 -1.459575 —-2.729102 0.524904 -0.331946
Table J-1 continued
Conformer V Conformer VI
alA b /A c/A alA b /A c/A
N1 —0.000256 -0.287941 -0.066036 0.073814 -0.009432 0.374452
C2 0.000384 0.976562 0.689094 -0.463659 -1.046339 -0.517106
H3 0.876351 1.010685 1.351755 0.317939 -1.788309 -0.723708
H4 -0.876017 1.011888 1.351081 -0.735928 -0.612240 -1.492058
C5 0.001426 2.198366 -0.226126 -1.668020 -1.761084 0.094333
H6 —-0.882205 2.191969 -0.869695 —2.477141 -1.056728 0.299869
H7 0.002298 3.124038 0.361020 —-2.042681 -2.538076 -0.582194
H8 0.884888 2.190477 -0.869904 -1.380934 -2.228605 1.040416
C9 -1.208132 -1.073226 0.185244 -0.201458 1.347150 -0.090185
H10 -1.345146 -1.266133 1.267974 0.168905 1.515068 -1.119198
H11 -1.073604 -2.045837 -0.300337 0.348221 2.032864 0.566006
C12 —2.456772 -0.405753 -0.382343 -1.687748 1.687490 -0.038303
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Table J-1 continued

CHAPTER 1(

Conformer V

Conformer VI

alA b /A c/A alA b /A c/A
H13 -3.331529 -1.043658 -0.219891 -1.842914 2.734092 -0.320197
H14 —-2.654550 0.557215 0.096614 -2.263271 1.068440 -0.732257
H15 -2.335682 -0.238921 -1.456187 -2.076434 1530493 0.971558
Cl6 1.207055 -1.074199 0.184898 1.486742 -0.211165 0.701919
H17 1.343800 -1.267811 1.267527 1.735451 0.471946 1.523374
H18 1.071899 -2.046418 -0.301293 1.586351 -1.228251 1.098718
C19 2.456241 -0.407272 -0.382123 2.484104 -0.007354 -0.447072
H20 2.654803 0.555194 0.097489 2.482091 1.028209 -0.798297
H21 3.330451 -1.046050 -0.220129 3.498275 -0.244275 -0.108557
H22 2.335398 -0.239650 -1.455870 2.252288 -0.657110 -1.296885
Table J-1 continued
Conformer VII
alA b /A c/A

N1 0.073814 —-0.009432 0.374452

C2 -0.463659 -1.046339 -0.517106

H3 0.317939 -1.788309 -0.723708

H4 —0.735928 -0.612240 -1.492058

C5 -1.668020 -1.761084  0.094333

H6 —-2.477141 -1.056728  0.299869

H7 -2.042681 -2.538076 -0.582194

H8 -1.380934 -2.228605 1.040416

C9 -0.201458 1.347150 -0.090185

H10 0.168905 1.515068 -1.119198

H11 0.348221  2.032864  0.566006

C12 -1.687748 1.687490 -0.038303

H13 -1.842914  2.734092 -0.320197

H14 -2.263271  1.068440 -0.732257

H15 -2.076434  1.530493 0.971558

Cil6 1.486742 -0.211165 0.701919

H17 1.735451 0.471946 1.523374

H18 1.586351 -1.228251  1.098718

C19 2.484104 -0.007354 —-0.447072

H20 2.482091 1.028209 -0.798297

H21 3.498275 —0.244275 -0.108557

H22 2.252288 -0.657110 -1.296885
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Table J-2

APPENDIX J Bl

Fitted parameters and their values from the *.parof thespfit program

A. Main isotopologue

6 48 30 0O O0.0000E+000 1.0000E+006 1
s"-3-1030 06 22 010

10000 2.314873978171599E+003 1.00000000E+0
-20000 2.314873978171599E+003 1.00000000E-0

30000 1.326200000000000E+003 1.00000000E-0

110030000 -7.866604626405583E+000 1.00000000E+0

200 -9.619265665507071E-004 1.00000000E+0
1100 1.588482320026774E-003 1.00000000E+0

B. *C, isotopologue

6 16 30 O O0.0000E+000 1.0000E+006 1
‘a’ 3 _2 OHH”H

10000 2.312933148388725E+003 1.00000000E+0
20000 2.292833008304470E+003 1.00000000E+0
30000 1.326805735176605E+003 1.00000000E+0
110030000 -7.899035842546669E+000 1.00000000E+0
200 -9.693832871525565E-004 1.00000000E+0
1100 3.594275012304982E-002 1.00000000E+0

C. *Cs isotopologue

7 10 30 O O0.0000E+000 1.0000E+006 1
‘a’ 3 _2 OHH”H

10000 2.313028148094109E+003 1.00000000E+0
20000 2.251267851743531E+003 1.00000000E+0
30000 1.329893199268403E+003 1.00000000E+0
110030000 -8.920996876517142E+000 1.00000000E+0
110040000 -5.641992532481138E-001 1.00000000E+0
200 -1.369036407949056E-003 1.00000000E+0
1100 -1.987760643678322E-002 1.00000000E+0

.0000E+000 1.0000000000

37 /A
37/B
371/C

37 /1.5eqQ
37 /-DJ

37 /-DIK

.0000E+000 1.0000000000

37 /A
37/B
371/C

37 /1.5eqQ
37 /-DJ

37 /I-DJIK

.0000E+000 1.0000000000

37 /A
37/B
371/C

37 /1.5eqQ
36 /0.25X-
37 /-DJ

37 /-DIK
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APPENDIX J

Table J-3
The energy values, dipole moments, and rotatiomas$tants of the stable conformers of related médscas

calculated at the MP2/6-311++G(d,p) level of theory

A. Triethyl phosphane
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Table J-3/A. continued

Cartesian nuclear coordinates of conformer Il (nstgble) in th&GaussianO03nternal coordinate system (called

standard orientation)

Number

Atomic
number

alA b /A c/A

[ —

OO0 ~NO UL, WN

6

PRPRRPORRPORRPRPRORPORPRPREROPRPR

[EEN
a1

-0.966140 -1.315831 0.299141
—-0.784949 -1.246439 1.380952
—-0.583746 —-2.286420 —0.034972
-2.467839 -1.238127 0.001931
—-2.654105 -1.254363 -1.076749
-2.997439 -2.085318 0.448260
-2.910051 -0.323319 0.405783
1.622539-0.178783 0.299018
1.471852-0.057020 1.380882
2.271654 0.637980 -0.034811
2.306431-1.517855 0.001273
3.304885-1.552889 0.447683
1.735439-2.358540 0.404687
2.413751-1.670532 -1.077466
-0.656558 1.494595 0.298692
-1.688249 1.648633 —0.035650
-0.687265 1.303251 1.380546
0.161616 2.756195 0.001322
-0.307412 3.638546 0.447290
1.174875 2.681913 0.405433
0.240936 2.925322 -1.077388
—0.000031 -0.000132 —0.584849

APPENDIX J
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Table J-3continued

B. Triisopropyl amine

Conf rel. E Ma Mp Mc A B C  Freq.
" kd/mol /D / D /ID [GHz /GHz /GHz -calc.

I 27.7414 -0.071 -0.383 0.747 1.474 1.068 0.855

Il 8.8007 0.292 0.165 0.747 1.310 1.194 0.867

I 18.8596 0.000 0.000 0.194 1.265 1.265 0.890
IV 20.9184 -0.117 0.263 0.647 1.400 1.144 0.844
vV 223288 0.269 -0.112 0.336 1.430 1.076 0.902

VI 29.8116 -0.077 -0.280 -0.839 1.352 1.183 0.814
Vil 0.0000 0.000 0.000 0.555 1.186 1.186 0.953
VIII  15.6744 0.105 -0.356 0.392 1.387 1.087 0.911

cNoNeoll JolNeoNelNe)

35

30

25

20

AE / (kJ/mol)

15

10

I Il 1] v Vv Vi Vil VI

FIG. J-2 Stable conformers of triisopropyl aminéeTenergy values are relative to the most stable

conformer VIl (409.1508669 Hartree).
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Table J-3/B.continued

Cartesian nuclear coordinates of conformer VIl (hstgble) in th&saussianO3nternal coordinate system

(called standard orientation)

Number ~Atomic alA b /A c/A
number
1 7 0.000039-0.000007 -0.325707
2 6 -0.932943 1.098862 —0.067962
3 1 -1.937174 0.662320 -0.125409
4 6 -0.485187 -1.357397 -0.067945
5 1 0.394971-2.008852 —-0.125149
6 6 1.418161 0.258503 -0.067800
7 1 1.542213 1.346474 -0.125029
8 6 -0.805949 1.778119 1.306973
9 1 -1.582844 2.543757 1.415116
10 1 -0.917011 1.062408 2.125124
11 1 0.163780 2.276900 1.410066
12 6 -0.837931 2.145389 -1.184491
13 1 0.152950 2.612528 -1.201232
14 1 -1.010388 1.674039 —2.155787
15 1 -1.578218 2.939755 -1.035391
16 6 -1.438803 -1.798433 -1.184626
17 1 -0.944170 -1.712222 -2.155828
18 1 -1.756677 -2.836695 -1.035494
19 1 -2.338767 —1.173835 —1.201608
20 6 -1.137260 -1.586863 1.306868
21 1 -0.462085 —1.325125 2.125145
22 1 —-2.054079 -0.996390 1.409685
23 1 -1.411946 -2.642469 1.415066
24 6 1.942831-0.191388 1.307080
25 1 1.889955-1.280614 1.409925
26 1 2.994324 0.098614 1.415367
27 1 1.378464 0.262443 2.125291
28 6 2.277069-0.346797 -1.184390
29 1 1.955134 0.038393 —2.155635
30 1 3.335132-0.102849 -1.035185
31 1 2.186240-1.438496 -1.201339
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Table J-3 continued
C. Tri-n-propyl amine
Conf Evp2 Ma Hp Mc A B C Freq.
' / Hartree / D /| D /D [GHz /GHz /GHz calc.
chain -409.1473522 0.000 0.000 0.5470.913 0.913 0485 O
ring -409.1413649 0.000 0.000 0.6741.121 1.121 0.656 O

Table J-3/B.continued

Cartesian nuclear coordinates of thintri-n-propyl amine and theng tri-n-propyl amine in th&aussian03

internal coordinate system (called standard ortemtpa

N Atomic chaintri-n-propyl amine ring tri-n-propyl amine

" number a/A b/A c /A alA b /A c/A
1 7 -0.000003 —0.000013 —0.057498 0.000078 —0.000067 0.366425
2 6 1.269563 -0.571150 0.399921 1.400942 0.145269 0.790525
3 1 1.192267 -0.903324 1.454912 1.575865-0.387183 1.744228
4 1 2.030052 0.217381 0.376346 1.589456 1.203905 0.991907
5 6 1.751648 -1.724021 -0.477117 2.414207 -0.321330-0.256693
6 1 1.879708 -1.344519 -1.496632 2.262952 0.272093 -1.165707
7 1 0.984890 -2.505383 -0.523539 3.416925-0.081637 0.122757
8 6 —0.140197 1.385038 0.399878 -0.826205 1.140343 0.790842
9 1 0.185973 1.484206 1.454915 -0.452492 1.557841 1.744620
10 1 -1.203320 1.649393 0.376141 -1.837249 0.774221 0.992202
11 6 0.617308 2.378945 -0.477079 -0.928812 2.251397 -0.256115
12 1 1.677368 2.105581 -0.523365 -1.637813 2.999785 0.123500
13 1 0.224746 2.300091 -1.496643 -1.367049 1.823881-1.165242
14 6 -1.129406 —0.813961 0.399832 -0.574384-1.285950 0.790570
15 1 -0.826773 -1.866828 0.376032 0.248221-1.978575 0.991570
16 1 -1.378366 —0.581130 1.454885 -1.122612-1.171311 1.744488
17 6 —-2.368916 —0.654879 -0.477105 -1.485504-1.929987 -0.256411
18 1 —-2.662208 0.399841 -0.523395 -1.779118-2.918288 0.122969
19 1 —2.104385 —0.955437 -1.496673 -0.896303 -2.095532 -1.165680
20 6 3.061252 -2.319544 0.042423 2.351851-1.807536 —0.608746
21 1 3.414123 -3.128123 -0.604134 2.494493 -2.431936 0.280401
22 1 3.845820 -1.556504 0.084871 1.390853-2.064629 -1.061094
23 1 2.933513 -2.725810 1.051196 3.137245-2.064482-1.326478
24 6 0.478205 3.810868 0.042421 0.389427 2.940673 -0.607956
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Table J-3/B.continued

Atomic chaintri-n-propyl amine ring tri-n-propyl amine

Nr umber ™ a /A b /A c/A a ik b /A c/A

25 1 1.002108 4.520734 -0.604086 0.858793 3.376188 0.281330
26 1 -0.574891 4.108823 0.084740 1.092635 2.237137 -1.060472
27 1 0.893794 3.903385 1.051242 0.219237 3.749503 -1.325474
28 6 -3.539448 -1.491282 0.042442 -2.741572 -1.132843 -0.607829
29 1 -4.416162 -1.392526 -0.604068 -3.353280 -0.944330 0.281600
30 1 -3.270942 -2.552267 0.084803 -2.483930-0.171966-1.060126
31 1 -3.827354 -1.177586 1.051249 -3.357075 -1.684435 -1.325398

Table J-3 continued

D. Tri-tert-butyl amine

Conf Evp2 Ma Hp Mc A B C Freq.
' / Hartree /D /D /D [GHz /[/GHz [/GHz calc.
I -526.694531 0.000 0.000 0.5210.840 0.840 0.5848 O

Table J-3/B.continued

Cartesian nuclear coordinates of tintri-n-propyl amine and theng tri-n-propyl amine in th&aussian03

internal coordinate system (called standard ortemtia

Number ﬁa?nr%'gr alA b /A c/A
1 7 —0.000005 -0.000008 —-0.304005
2 6 -1.389865 —0.541522 -0.029630
3 6 -1.771151 -1.630607 —-1.075898
4 1 -1.491757 —2.643440 —0.796632
5 1 -2.858229 -1.632924 -1.207805
6 1 -1.312923 -1.385318 —2.038238
7 6 0.225952 1.474413 —0.029621
8 6 1.687607 1.934757 -0.241193
9 1 1.708829 3.002692 -0.003396
10 1 2.415483 1.454755 0.407625
11 1 1.995941 1.824767 —1.282662
12 6 1.163904-0.932896 —0.029627
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Table J-3/B.continued

Number ~ Atomic alA b /A c/A
number
13 6 2.297704-0.718556 —1.075913
14 1 2.843217-1.658845 —1.207888
15 1 1.856155-0.444294 -2.038228
16 1 3.035178 0.029783 —0.796615
17 6 -2.519349 0.494151 -0.241214
18 1 -3.454848 —-0.021464 —-0.003580
19 1 -2.467681 1.364440 0.407704
20 1 -2.578138 0.816283 -1.282657
21 6 -1.613606 —1.084873 1.402331
22 1 -2.625030 —1.505085 1.467932
23 1 -0.917375 -1.873525 1.683383
24 1 -1.534954 —0.286823 2.145549
25 6 -0.132754 1.939833 1.402345
26 1 -1.163846 1.731137 1.683407
27 1 0.519088 1.472731 2.145554
28 1 0.008971 3.025867 1.467953
29 6 -0.526544 2.349156 -1.075908
30 1 -1.543365 2.613666 -0.796640
31 1 0.015031 3.291724 -1.207852
32 1 -0.543265 1.829642 -2.038230
33 6 1.746349-0.854956 1.402328
34 1 2.081199 0.142337 1.683366
35 1 1.015909-1.185879 2.145555
36 1 2.615997-1.520740 1.467928
37 6 0.831751-2.428902 —0.241182
38 1 0.052177-2.819278 0.407693
39 1 0.582254-2.640919 —1.282636
40 1 1.746025-2.981238 —-0.003462
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