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Abstract

This dissertation presents results of the measurements and the analysis of the rota-
tional spectra for selected molecules of astrophysical importance: cyanamide, acry-
lonitrile, pyruvonitrile, phenylacetylene, urethane, and propionitrile. Several dif-
ferent types of rotational spectrometers, operating in different, complementary fre-
quency regions have been used for the measurements. Simultaneus access to broad-
band high-frequency rotational spectra and to spectra measured with the cavity
Fourier Transform Microwave (FTMW) spectrometer allowed precise determination
of the rotational, centrifugal and nuclear quadrupole coupling constants for the stud-
ied species. For each investigated molecule the ground state rotational transitions
and some of the low-frequency excited vibrational modes have been subjected to
analysis. Various interactions between rotational levels of different vibrational states
have been identified and fitted to experimental accuracy with a suitable Hamilto-
nian. Results of this type have been obtained for cyanamide (inversion doublet 0
< 07), for acrylonitrile (g.s. <> v1; = 1), and for phenylacetylene (vyy = 1 <«
v3g = 1). A coupled analysis of the interacting states enabled determination of the
precise energy differences beetwen them and of multiple interaction constants. Spe-
cial treatment was needed in the case of pyruvonitrile for which the internal rotation
doublet A, E was observed for each vibrational state.

The experimental ground state rotational constants determined in this thesis
for many isotopologues of cyanamide and acrylonitrile (most of them for the first
time) were combined with calculated CCSD(T) quality zero-point vibrational cor-
rections resulting in accurate semi-experimental equilibrium r5F geometries for these
molecules.

Measurements of the Stark effect at conditions of supersonic expansion with
the FTMW spectrometer at IFPAN allowed determination of precise electric dipole
moments for pyruvonitrile, urethane, propionitrile, and acrylonitrile. The newly
determined values allow prediction of reliable intensities of rotational transitions,
especially in the high-frequency spectral range. The experimental results have been
confronted with previous results and with ab initio calculations at different theoret-
ical levels of electron correlation corrections.

The measurements and analysis for molecules reported in this dissertation allow
more precise predictions in support of astronomical observations with the new high
spectral resolution radiotelescopes, such as Herschel, SOFIA, and ALMA.
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Chapter 1

Introduction

Rotational spectroscopy studies interaction of the electromagnetic field with rotat-
ing molecules in the gas phase. The interaction corresponds to discrete absorption
or emission of energy and is associated with a change of the rotational quantum
numbers between two energy levels in a molecule. As a result, a rich rotational
spectrum consisting of many rotational transitions can be observed. Usually, rota-
tional transitions fall from the centimeter to the far-infrared frequency region of the
electromagnetic spectrum.

The origin of rotational spectroscopy dates back to the 1940s when the use of
microwaves in spectroscopy became possible due to development of microwave tech-
nology, initially used only for military purposes. Since then this field has progressed
considerably, and is still one of the most valuable and powerful spectroscopic tech-
niques. The fact that each molecule has a different rotational spectrum which is
its distinct ”fingerprint”, has been found to be very useful in identification of par-
ticular molecules not only in the laboratory sample, but also in the interstellar
medium. Hence, rotational spectroscopy plays a fundamental role in investigations
of interstellar chemistry and the study of how stars and the planetary systems are
born. Laboratory rotational spectroscopy provides information on the transition
frequencies of a given species, and such information is then used by astrophysics in
identification of interstellar molecules and in derivation of their abundance from the
spectrum detected by radioastronomy. Rotational spectroscopy is a high resolution
technique with precision limited by the Doppler width, and is an excellent source
of reference data for new high-resolution telescope facilities operating in the THz
frequency region.

Rotational spectroscopy has found great utility in revealing a wealth of detailed
information on molecular structure including many details of molecular dynamics.
A thorough analysis of the laboratory rotational spectrum is based on the rotational
Hamiltonian and enables determination of many spectroscopic constants. The pri-
mary observables are rotational constants, which contain structural information as
they are inversely proportioned to the moments of inertia. This allows rotational
spectroscopy to be used for determination of molecular geometries, which are usually
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an order of magnitude more precise than those from crystallography. Furthermore,
the Stark effect on the rotational spectrum provides accurate information on the
electric dipole moment, which is another fundamental molecular property. Since
rotational spectroscopy is a high resolution technique, various higher order spectro-
scopic effects are also observed in the spectrum. A complete analysis of the rotational
spectrum in the ground and low-lying excited vibrational states yields highly accu-
rate information on energy differences between interacting vibrational states and also
more subtle details on the relevant intramolecular interactions arising from Corio-
lis and Fermi resonances. Rotational data also provides information on barriers to
large-amplitude internal motions of certain groups of atoms such as internal rotation
of the methyl group or inversion of the amino group. In addition to this, centrifugal
distortion parameters can be used to extract data on the vibrational force field of the
molecule. Finally, the precise molecular properties determined from rotational spec-
troscopy are also a useful guide to the development of quantum chemistry methods.
On the other hand, for small- and medium-size molecules the advanced quantum
chemistry methods might provide “spectroscopic” quality observables, such as vi-
brational contributions to the ground state rotational constants, which are usually
out of reach experimentally. These can be combined with experimental rotational
constants and used in an evaluation of equilibrium-quality molecular structure, such
as those determined for cyanamide and acrylonitrile in this dissertation.

The advances in the fields of electronics and microwave techniques always had a
great impact on the instrumental development in rotational spectroscopy. A very in
influential technique has proved to be the combination of pulsed supersonic expan-
sion sources with the microwave resonator, as was implemented in the first FTMW
(Fourier Transform Microwave) spectrometer designed by Balle and Flygare [1]. The
low effective expansion temperature of the sample in this design, of close to 1 K, en-
abled studies of weakly bound intermolecular species, such as hydrogen-bonded and
van der Waals complexes. The high frequency precision of the FTMW measurement
(2 kHz) enables observation also of fine and hyperfine effects in rotational spectra.
Further development of this type of spectrometer have recently been realized in the
form of the broadband Chirped-Pulsed Fourier Transform Microwave (CP-FTMW)
spectrometer (2, 3, 4], in which the application of a fast arbitrary waveform gener-
ator and 40 Gs/s digital oscilloscope dramatically increased the bandwidth of the
probed spectrum. As an example, the measurement and analysis of the complex
rotational spectrum of bromoform [5] have been greatly facilitated due to the use of
such spectrometer. Another influential development has been the use of the Back-
ward Wave Oscillator (BWO) tubes as highly tunable, high-frequency sources of
the monochromatic radiation in broadband rotational spectrometers. The powerful
BWO tubes allowed this type of spectrometer to become a fundamental instrument
for recording room-temperature broadband rotational spectra of molecules including
astrophysically relevant species. In recent years the BWO-tubes are being displaced
by Virginia-Diodes sources based on GaAs diode multipliers. The cascade multipli-
cation systems driven from a microwave syntesizer can now reach up to 2 THz, and
significantly shortens the time of the spectral recording. This instrumental solution
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Figure 1.1: Selected transitions of the 13C isotopologues of acrylonitrile detected with the IRAM
30 m telescope. In each panel, the spectrum observed toward Sgr B2(N) is shown in black, while
the local thermal equillibrium (LTE) synthetic spectrum including the three *C isotopologues of
vinyl cyanide is overlaid in red and the LTE model including all identified molecules in green. From
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is becoming the method of choice in rotational spectroscopy laboratories, especially
in view of the fact that BWO tubes are no longer being produced.

The question of which species can be studied by rotational spectroscopy depends
on the sample preparation. As has been mentioned above the supersonically cooled
samples at temperatures close to 1 K measured in cavity FTMW spectrometers
enabled studies of many molecular complexes. Furthermore, application of laser
ablation made possible the vaporization of low-volatility solid state samples and
measurements of their rotational spectra. This technique has the advantage over
sample evaporation by heating since there is minimal sample decomposition. Hence,
many species such as aminoacids [7] or metal containing molecules [8] can be studied
by means of rotational spectroscopy. Laser ablation has been applied to produce
species that are of particular interest for radioastronomy, for instance carbon or
silicon-carbon clusters [9, 10]. The rotational spectra of many radicals important
for radioastronomy have become accessible mainly by the use of the electric discharge
nozzle in supersonic expansion, cavity FTMW spectrometers [11].

The progress in construction of sensitive, high resolution radioastronomy tools
contributed to identification of many molecules in the interstellar medium and cir-
cumstellar envelopes. The new telescope facilities such as The Atacama Large
Millimeter /submillimeter Array (ALMA), Herschel Space Observatory for the Far-
Infrared, or Stratospheric Observatory for Infrared Astronomy (SOFIA) have access
to the richest part of the astrophysical spectrum. Astronomical interpretation re-
quires complete laboratory characterization of the relevant species including precise
line positions, intensities, and line shapes. The combination of the laboratory and
astronomical data enabled unambiguous detection of more than 140 molecules in
space. Most of them are simple molecules, consisting of only a few atoms, but which
have sufficiently strong rotational transitions for detection. Larger molecules are
more difficult to identify because their “fingerprints” are barely visible, since their
spectra are distributed over much weaker lines. A particularly large and rich re-
gion for detecting interstellar molecules is Sagittarius B2 (Sgr B2), where isotopic
species substituted with 13C of acrylonitrile, presented in this dissertation have been
detected (see Fig. 1.1). The information on the presence of particular species in
space is essential also for construction of detailed reaction pathways in the interstel-
lar medium, and is part of the new field of astrochemistry.

The main goals of this dissertation are the comprehensive analysis of the rota-
tional spectra of astrophysically relevant molecules, determination of their important
physical properties from derived observables, and to provide accurate experimental
data needed for astronomical observations.



Chapter 2

Theoretical Background

Rotational spectroscopy is one of the most powerful sources of precise information on
chemical and physical properties of molecules. Advances in experimental techniques
and theory, that have taken place over the last 20-30 years, have increased the power
of this spectroscopic technique even further. A thorough description of theoretical
methods used in rotational spectroscopy can be found in the excellent monograph
of Gordy and Cook [12], as well as in the book of Papousek and Aliev [13], which
has actually been aimed at rotation-vibration spectroscopy. Noteworthy are also
the older monographs of Townes and Schawlow [14], and Kroto [15] which are valu-
able sources of information on the early stages of the theoretical and experimental
development of microwave spectroscopy. Most of the up-to-date theoretical and
experimental progress in rotational spectroscopy is collected in scientific journals,
such as Journal of Molecular Spectroscopy, Journal of Chemical Physics, Chemical
Physics Letters, Physical Chemistry Chemical Physics, and the Review of Scientific
Instruments. It is worth pointing out the PROSPE database [16, 17], which contains
many of useful computer programs for rotational spectroscopy, and the ROTLINKS
webpage [18] with many links of relevance to contemporary rotational spectroscopy.

The author of this dissertation does not intend to describe all available theoretical
methods of rotational spectroscopy. Only the key aspects of the theory that are
essential for dealing with acquired experimental data are presented.

Section 2.1 of this chapter is devoted to classical and quantum mechanical de-
scriptions of a rotating molecule in terms of a rigid-rotor Hamiltonian. In subse-
quent sections several corrections to the rotational Hamiltonian are discussed, such
as centrifugal distortion part of the rotational Hamiltonian, the nuclear quadrupole
coupling Hamiltonian, and the Hamiltonian of the Stark effect. In section 2.8 dif-
ferent approaches to precise determination of molecular geometry from rotational
spectra are presented. Some attention is devoted to the description of large ampli-
tude motions, which occur in molecules studied in this work.
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2.1 Rigid-Rotor Hamiltonian

2.1.1 From Classical to Quantum Mechanical Description

In order to describe the rotational spectrum of a molecule it was necessary to for-
mulate a mathematical model from which solutions for the quantized energy levels
may be obtained. The classical mechanics of a rotating rigid system of particles
provides a good starting point for a detailed description of the rotating molecule.
In the first approximation the molecule can be regarded as a set of atoms, each of
which is taken to be a point mass m; at coordinates x;,y;, z;. When relative values
of these coordinates are fixed, then the rotation of the molecule in space can be
described by a rigid — rotor Hamiltonian.

In classical mechanics the kinetic energy T of the rigid-rotor is given by

1
T = 5&*1&, (2.1)

where & is the angular velocity vector of the rotating body and I is the moment of
inertia tensor.
The diagonal elements of the moment of inertia tensor in x,y, z axes are given by

Ioeoz = Zml(ﬁf + 7@2)7 (22)
where «, 3,7 is a permutation of x, y, z. The off-diagonal elements are

log = Ipa = — Zmiaiﬁh (2.3)

where a # . The origin of the Cartesian axis system z, y, z is placed at the center
of mass of the molecule and the axes are chosen so that all off-diagonal elements
of T vanish. This unique, molecule-fixed axis system is called the principal axes
system. The axes are labeled a,b,c and are conventionally chosen to be in the order
of increasing values of the principal moments of inertia, such that

I, <I,<I. (2.4)

The values of the principal moments of inertia and hence those of rotational
constants depend only on the molecular geometry (bond lengths and bond angles)
and on the atomic masses. The relative values of the elements of the principal
moments of inertia allow molecules to be classified into four categories:

1. Spherical top molecules, for which all three principal moments of inertia are
equal I, = I, = I.. Examples of spherical tops are: CHy, SFg.

2. Linear molecules, in which I, =0, I, = I.. Examples of linear tops are: COg,

OCS, HCN, HC=CH.
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3. Symmetric top molecules, for which one moment of inertia is unique and two
others are equal to each other.
If the unique moment is smaller than the other two then the molecule is a
prolate symmetric top, I, < I, = I.. Examples of prolate symmetric tops are:
CH3D, CHgCECH, (CHg)gCCEN
Alternatively, if the unique moment is larger than the other two then the
molecule is called an oblate symmetric top, I, = I, < I.. Examples of oblate
symmetric tops are: NHjz, benzene.

4. Asymmetric top molecules, for which the three moments of inertia are different
from each other, I, < I, < I.. Examples of asymmetric tops are: HyO, NHyD,
fluorobenzene.

Some molecules, which are strictly asymmetric tops, have two nearly equal
moments of inertia. If I, < I, & I., then the molecule is a prolate asymmetric
top, e.g. CHy=CHCN, HsNCN. On the other hand, if I, ~ I, < I. then the
molecule is an oblate asymmetric top, e.g. HC™Bry8'Br, pyrazine.
Asymmetric top molecules are by far the most common among molecules stud-
ied by rotational spectroscopy. In section 2.1.2 of this chapter the asymmetric
top case is discussed in more detail.

In classical mechanics the angular momentum J, of a rotating body is

_ar

J =2t
7 Ow,’

(2.5)

where g = z,y, z. Thus, the kinetic energy in Eq. 2.1 expressed in terms of angular
momentum is given by

T=iud, (2.6)
where p = I71.
Rotational energy (Eq. 2.6) in principal axes is then
1 L(J2 g2 J;
T = = (Haad? Tt peed?) == 2+ 2+ 2 2.7

where a standard identification between the general principal axes z,y, z and the
conventional principal axes a, b, ¢ has been assumed (see section 2.1.2).

Rotational energy of a molecule is quantized, so the classical angular momentum
vector J, must be replaced by its quantum-mechanical equivalent — the angular
momentum operator jg. Rigid-rotor Hamiltonian (2.7), written in terms of the
component angular momentum operators in the principal axes has the form

T =Hyg = AJ2 + BJ2 + CJ2, (2.8)

where A, B, C are rotational constants defined by

h
B=—et 2.
ST, ot (2.9)
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and the operators for momentum about the specific principal axes are related to the
total angular momentum of the system by J2 = J2 + J2 + J2.

Moments of inertia in rotational spectroscopy are normally expressed in units of
wA2, and 1 u- A% = 1,66053873(13) x 10~%" kg - m2. The most commonly used unit
for rotational constants is MHz. On using the values of the fundamental physical
constants from CODATA 2006 [19], the definition of the rotational constant can be

simplified to

505379, 005(36
B[MHz] = I[u7 Az]( ) (2.10)
-

The solution for the energy levels in a quantum mechanical system is obtained
from the Schrodinger equation of the rigid rotor

Hrigw = Erot'lvba (211)

H,ig is the Hamiltonian operator of the rigid-rotor system (2.8), ¢ is the wavefunc-
tion describing the system and E,. is the rotational energy. Certain commutation
relationships arising from the Heisenberg uncertainty principle between components
of angular momentum jg, g = x,y, z, suggest that any two components of angular
momentum can not be measured simultaneously. However, by finding the operator
for J2 it can be shown that the square of the total angular momentum commutes
with components of angular momentum in a molecule-fixed system jg, g=21xv,2,
and in a space-fixed system jg, G = X,Y, Z. This means that there exist simulta-
neous eigenstates of these three operators defined by independent quantum numbers
J, K, and M. The quantum numbers J, K, M are used to describe wavefunctions
for J2, J,, and Jy, respectively. The matrix elements of these operators are

<J,K,M|j2|J,K,M> = J(J+ 1R (2.12)
<J,K,M|J§|J,K,M> = KR (2.13)
<J,K,M|j§|J,K,M> — M2 (2.14)

The quantum number J is proportional to the total rotational angular momentum
of the molecule. It is called the principal rotational quantum number, and takes
on positive integral values 0, 1, 2, .... The quantum number K is associated
with angular momentum projection J, along a molecule fixed axis with values K =
—J,—J+1,...,0,J —1,J. In the presence of an external magnetic or electric field
the quantum number M describes the component of the total angular momentum
along the space-fixed axis Z, with values M = —-J —J +1,...,0,J —1,J.
The selection rules for allowed transitions between rotational energy levels depend
on the type of rotor. For linear and symmetric tops rotational transitions are only
allowed for

AJ=+1, AK =0, AM =0, +1. (2.15)

The intensity of a rotational transition is governed by the matrix elements of the
dipole moment, which are defined and described in detail in Chapter II of Ref. [12],
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and are non-zero only for non-zero components of the permanent dipole moment of
the molecule. Here it should be noted that spherical tops are not of direct interest
to rotational spectroscopy, since such molecules do not have a permanent dipole
moment and do not give rise to rotational spectra. Nevertheless, in some cases,
such as methane CH, [20], centrifugal effects (discussed in section 2.2) can induce a
small dipole moment so that weak rotational spectra can be observed.

2.1.2 The Asymmetric-Top Rotor

When the molecule has three unique moments of inertia then it is classified as an
asymmetric top. Most polyatomic molecules belong to this category. The rigid-rotor
Hamiltonian for the asymmetric top is represented by Eq. 2.8. The methods for en-
ergy level determination of the asymmetric top are more complex than for symmetric
and linear tops, for which it is possible to rearrange the Hamiltonian to be composed
only of two operators J2 and JE Closed expressions for the resulting energy levels
can therefore be derived by using Eq. 2.12 and 2.13. Natural basis functions for
asymmetric tops are linear combinations of the symmetric top functions: | J, K, M).
For these wavefunctions the Hamiltonian matrix of the asymmetric top is no longer
diagonal, since operators JB and JE give rise to off-diagonal elements of the energy

matrix Hamiltonian. The diagonal elements of J2 and JAj are

(JJK,M|J2| JK,M) = (J,K,M|J2|JK,M)

= h; [J(J+1) - K?], (2.16)
and the off-diagonal elements are
(LJEK,M|J2| LK £2,M) = —(JJK,M|J2|J K+2 M)
= —gfi(J, K), (2.17)
where
fe(JK) =[J(J+1) = K(K£D)]YV2[J(J + 1) — (K£1)(K+£2)]"/2. (2.18)

It should be noted that there are six different ways of identifying the conven-
tional principal axes a,b,c with those denoted by z,y,z. A given identification is
called the representation of the rotational Hamiltonian. The most commonly used
representation is I", for which b — z, ¢ = y, a — 2, so that I, < I, < I,. Analogous
representation used for the oblate rotational symmetry is III'! with b — 2, a — y,
¢ — z. A complete table containing all possible mappings with the names of rep-
resentations is given on page 35 of Ref. [15]. The optimum representation allows
construction of the Hamiltonian matrix (discussed below) such that the off-diagonal
elements are smallest in comparison to the diagonal ones. This procedure reduces
the time required for the diagonalization process. The optimum choice of the rep-
resentation used to be crucial since diagonalization of the Hamiltonian matrix was
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usually a significant challenge for early computers, and is still recommended for best
numerical stability of calculations.

In the prolate asymmetric top case, set up in representation I, the energy matrix
has nonvanishing elements given by

Eye — ;B+CNU+D+[A—;B+04K{ (2.19)
s = —1(B=O)fulJK). (2.20)

The overall energy matrix has block diagonal form. Each block corresponds to a
given value of the J quantum number and is of size (2J + 1) x (2J +1). Rows and
columns are labelled by the K quantum number, where K = —J, —J +1,...,0,J —
1,J. Each block in this matrix is also tridiagonal and consists of three types of
elements labelled (K, K —2), (K, K), and (K, K + 2) with values given by Eq. 2.19
and 2.20. A second important property of the energy matrix is symmetry about
the main diagonal, in that Ex x_o = Ex x+2, which is a consequence of the K 2
dependence of the rotational energy. Diagonalization of this matrix gives energies
of the rotational levels. A given rotational level is no longer labelled only by the
J and K quantum numbers as in symmetric tops but involves using a second K
quantum number. According to the King-Hainer-Cross notation a rotational level
of the asymmetric top is denoted by Jk, k., where K, and K. indicate K values at
the prolate and oblate symmetric limits to which the level correlates. In the absence
of external fields each rotational level is M —fold degenerate, where M = 2J + 1.
Regardless of the choice of the representation, the symmetry properties of the Hamil-
tonian matrix facilitate factorization of each J block into four independent subma-
trices by means of a Wang transformation. Each of these submatrices may be
diagonalized independently to give the rotational energies. The order of each Wang
submatrix is approximately .J/2, which used to be a very useful reduction in matrix
size on diagonalization for large values of J. The factorization procedure is described
in detail on pages 237-254 of Ref. [12].

The degree of asymmetry in an asymmetric top is given by the value of Ray’s
parameter
2B—-—A-C
"TTaA—o
where —1 < k < 1. The two limiting values, x = —1 and kK = +1, correspond to
the prolate and oblate symmetric tops, respectively. The most asymmetric top has
kK = 0. The energy levels of nearly prolate (kx ~ —1) or nearly oblate (k ~ +1)
asymmetric rotors differ from the limiting symmetric-top for which the levels with
a given nonzero value of K, and K, are always degenerate. In the asymmetric rotor
the two levels corresponding to a given value of K, or K. are separated. When the
degeneracy in the asymmetric top is removed, the separation of the K, or K. levels
is a function of J and K. In the rotational spectrum this is observed as the so-called
K-doubling. For K = 0 the splitting is not possible, while the largest splitting
observed for a given J takes place for K = 1. The doubling rapidly decreases with

(2.21)
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K and increases with J.

For a nearly prolate asymmetric top it is expected that the spectrum is similar
to that of a prolate symmetric top. The separation of groups of lines for a given
J + 1 < J transition is close to B + C'. Cyanamide and acrylonitrile are examples
of nearly prolate asymmetric tops.

Selection rules for asymmetric rotor transitions with respect to J are AJ = 0, +1.
The condition AJ = 0 gives rise to Q—branch, AJ = —1 to P—branch and AJ = +1
to R—branch transitions. Asymmetric rotors can have three nonzero components of
the dipole moment p,, 1, and p. giving rise to three types of transitions governed
by different AK, and AK. rules, which are summarised on page 256 of [12].

2.2 Distortable-Rotor Hamiltonian

The rigid-rotor model is very convenient for describing the energy levels of an asym-
metric rotor. However, molecules are not rigid and the centrifugal force induced by
rotation causes atoms to shift away from their equilibrium positions. This effect
is apparent in every rotational spectrum as deviations of rotational line positions
from those predicted by the rigid-rotor model. Usually, discrepancies between the
calculated and observed frequencies are small (a few MHz), but in some situations
the nonrigidity effect can be significant even for low lying rotational levels. In order
to account more accurately for the positions of rotational lines the rigid-rotor theory
has been extended by introducing higher-order terms to the Hamiltonian. As has
been mentioned above, these higher terms arise from distortion of the molecule by
centrifugal forces, which lead to an effective dependence of the rotational constants
on the angular momentum. The general form of the distortable-rotor Hamiltonian
is written by adding various correction terms to the rigid rotor

ht S e s e
Hp = Mg + > Taprodadsdy s + 10 Tapeendadady s dedy,  (2.22)

apyé aByéen

where H,is is defined by Eq. 2.8, 743,s are the fourth-order centrifugal distortion
constants (quartics), and 7T,gys., are the sixth-order centrifugal distortion constants
(sextics).

a, B, v, 0, €, n can take on any of the values z,y and z of the molecule-fixed
coordinates. The order of the centrifugal distortion constants depends on the highest
power of the element of the angular momentum operator jg, where g = z,v, 2.

The fourth-order centrifugal constant is defined by

Taprs = = D His (F7),; 155, (2.23)
0,

in which ,ug)ﬁ is the partial derivative of the a8 component of the reciprocal moment
of inertia tensor with respect to internal coordinate 4, and (f~!) ;; is an element of
the inverse of the matrix of harmonic force constants f; ;. The indices ¢, j enumerate
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internal coordinates of the molecule. The sixth-order centrifugal constants consist
of three terms: harmonic, Coriolis and anharmonic

Tafysen = T(harm) + T(cor) + T(anh). (224)

Each term can be calculated separately and the method of their calculation is given
in detail on pages 153-156 of Ref. [13].

Equation 2.23 implies that there is isotopic-dependence of centrifugal constants,
so that each isotopologue will have a unique set of centrifugal constants.
In the first sum of Eq. 2.22 there is a total 81 (3*) terms and in the second sum
729 (35) terms. It has, however, been shown, that due to symmetry properties
and commutation relationships the number of distinct 7 coefficients, is significantly
smaller, and only a few linear combinations of 7 are determinable from the spectrum.
In the case of the nonplanar asymmetric top the centrifugal procedure turned out to
be a problem leading to some confusion. It was not clear which linear combinations of
the 7 constants could be obtained from analysis of the rotational spectrum. Finally,
Watson showed [21] that there are only five determinable linear combinations of
fourth-order and seven of sixth-order 7 constants.

2.2.1 Reduced Hamiltonian

In order to derive the determinable centrifugal coefficients for an asymmetric top
Watson [21] carried out a unitary transformation of the rotational Hamiltonian
(2.22)

HEY = Uy UT, (2.25)

where the unitary operator (U~! = UY) is defined by U = e"2¢*%5. S3 and S5 are
transformation coefficients, which depend on the combinations of powers of J,, J,,,
and J,,

53 = 8111(JnyJZ + JZJny), (226)
S5 = 8311(J§JyJZ + szng) + 8131(JmJ5JZ + szjjm)
—|—8113(ijng -+ Jj]yjm) (227)

The definition of the sq111, 311, S131, and s113 parameters is given in [21] and their
values depend on the reduction type discussed below.

The A-reduced Hamiltonian proposed by Watson assumes that

4R
S T Ty (2.28)

where Rg is a certain linear combination of distortion coefficients 7 (definition in
Table 8.7 in Ref. [12]), and B®, BY are rotational constants. This leads to the A
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reduced-Hamiltonian. In representation I" and up to sixth-order centrifugal con-
stants this Hamiltonian has the form

Hy = % (BYW + cW) J? + [A(f” - % (BY + C(A))] J?
1 . . o .
+5 (BW W) <J§ - Jj) AT A JRTE — Ag
20,2 (J2 = 02) = o [J2 (2= 02) + (2= J2) 2]
F BT84 By VT 4 By JETE D+ 26,0 (j§ . jj)
togrc? [J2 (B2 = J2) + (2= 02) 2]
+ oK [j;* <j§ - Jj) + <j§ - jj) j;*} , (2.29)
where AW BW M) are rotational constants, Ay, Ak, ... are reduced quartic
distortion constants and ®;, ® ;... are reduced sextic distortion constants.

By using the angular momentum matrix elements defined in Eq. 2.12, 2.13, 2.16,
and 2.17 we can obtain the following matrix elements for the A-reduced asymmetric
top Hamiltonian

Ejx = AYK? ¢ %<B<A’ + CO) [T +1) = K] = 8, %(T +1)?

— Ay J(J+1)K? = AgK* 4+ ®,03(J +1)°
+ @i T+ 1)2K? + Py J(J + 1)K + O KO, (2.30)
1

1
Ejker = {Z(C(A) = BY) 0,7 ( + 1) + o [K2 + (K £ 2)°]

— ¢y J*(J +1)* - %%KJ(J +1) [K? + (K £2)°]
_ %@{ (K4 4+ (K £ 2)"] } FulJ, K). (2.31)

The Hamiltonian matrix is still tridiagonal and is of the same form as for the rigid
rotor. The energies are calculated in the same way as for the rigid rotor, and energy
levels are labelled with the same notation. This Hamiltonian provides a complete
description of centrifugal effects for most asymmetric tops.

In some cases, especially when the asymmetric top is very close to the symmetric
top limit, and B* « BY, the constant sj;; becomes very large (see Eq. 2.28), and
thus A reduction becomes inappropriate. The choice of a different representation,
can make the denominator in s;1; larger and also result in well determined centrifu-
gal constants. It turns out that in this situation the most suitable description of
centrifugal effects is by means of the so-called S-reduced Hamiltonian. In the S re-
duction the definition of the s11; parameter is different from that for the A reduction

and is
2R5

2B7 — Br — Bv’

S111 — — (232)
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where Rj is some linear combination of the distortion coefficients 7 (definition in
Table 8.7 in Ref. [12]). The use of the s11; parameter in this form involves a different
structure of matrix elements of the reduced Hamiltonian from that described for
the A reduction. The nonzero diagonals satisfy extended rule (K, K), (K, K + 2),
(K,K £4), ..., (K,K £n) for even n. This reduction has been proposed by
Winnewisser [22], who showed that unusual K doubling for the DSSD molecule
(nearly prolate asymmetric top, k = —0.99999934), can be described only if off-
diagonal matrix elements with the rule (K, K 4+ 4) and associated with quartic
centrifugal distortion constants are used.

The problem of calculating and labelling of energy levels in the S reduction is similar
to that described for the A reduction. The complete S-reduced Hamiltonian and
matrix elements are given in detail in Ref. [21] as well as on pages 333-339 in Ref.
[12].

Centrifugal distortion constants are evaluated from an empirical fit to rotational

transitions, each of which is described by a given set of quantum numbers. The A
and S reductions are often used exchangeably. Usually the A reduction is better for
more asymmetric molecules, while the S reduction is necessary for tops with min-
imal asymmetry. However, as has been shown for acrylonitrile [23] (k = —0.980),
the type of the reduction does not have a significant influence on the quality of the
fit, orms = 1.0601 for the A reduction and o, = 1.0281 for the S reduction.
The rotational constants and fourth-order distortion constants are determined first
from rotational spectra. When sufficient experimental data is available, sixth-order
and eighth-order constants can also be determined. Rotational transitions with high
J and K improve the values of the higher order constants, because only rotational
energy levels with high quantum numbers depend on higher order centrifugal con-
stants. In many cases, some higher order centrifugal constants can improve the
deviation of fit even though their values may be effective and have no physical
meaning.

It is worth mentioning that rotational and centrifugal constants in the S reduc-
tion differ slightly from those obtained for the A reduction. In addition to this the
A, B, C rotational constants determined from the fit of data with S or A reduced
Hamiltonian are not pure rigid-rotor constants. Each contains a small centrifugal
contribution, which depends on the type of reduction, and appropriate formulae are
given in section 2.8.4 of this chapter concerning the 5% molecular geometry.

Fitting and prediction of the rotational spectrum of asymmetric top molecules
in different representations and reductions of the Hamiltonian can be perfomed
with both ASFIT/ASROT [17] and SPFIT/SPCAT [24, 25] program packages. The
ASFIT/ASROT package is limited to the pure rotational asymmetric top spectrum
for a single vibrational state when rotational energy levels are labelled by three
quantum numbers J, K, and K,. In the case of more complex spectra which require
additional quantum numbers (see section 2.3) the SPFIT/SPCAT package should
be used.
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2.3 Nuclear Quadrupole Coupling

Another necessary correction to the rotational Hamiltonian H g comes from nuclear
quadrupole coupling. This coupling gives rise to hyperfine structure in the rotational
spectra of those molecules which have at least one atom with nucleus characterised
by nuclear spin [ greater than % Such nuclei have a nonspherical charge distribution
and a nonvanishing electric quadrupole moment (). Quadrupolar nuclei have nonzero
spin angular momentum I given by

I=[I(I+1)]"r. (2.33)

The interaction between () and the electric field of the molecule takes place
through the electric field gradient and leads to coupling between spin I and rotational
angular momentum, denoted by J. The coupling is represented by the sum of vectors
I and J, to give the total angular momentum F, which involves introduction of a
new quantum number F. F' describes energy levels of the split, hyperfine structure
of a given rotational transition, and it can take the values

F=J+1,J+1—1,...,|J—1], (2.34)

where .J is the rotational quantum number, and [ is the spin nuclear momentum
quantum number as already discussed above. The additional selection rule governing
transitions between the hyperfine levels is

AF =0,+1.
The first-order expression for the nuclear quadrupole interaction energies, which
applies to all classes of molecules is given by [12]

2
Fo— quJ$Y(J, I,F). (2.35)

The function Y (J, I, F'), is defined as

3C(C+1)—I(I+1)J(J+1)
Y(LLE) = 2(2J —1)(2J +3)I(2] —1) (2:36)

where
C=FF+1)—-JJ+1)—-I(I+1). (2.37)

The expression for g; depends on the rotor type. In case of an asymmetric rotor this
quantity can be expressed in terms of the field gradient defined in the principal axes
system as q,5 = 0?V/0adp3, the average values of the angular momentum operators
Jay Jp, Je, and the asymmetry parameter £ (Eq. 2.21). Details are given in Ref.
[26]. The computer program ASQ1P, which embodies first-order formulae to predict
hyperfine splitting in an asymmetric top with one quadrupolar nucleus is available
on the PROSPE [17] website. The first-order quadrupolar Hamiltonian is based on
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the approximation that this Hamiltonian is fully diagonal, since the effect of the off-
diagonal elements on rotational frequencies is usually negligible. Nevertheless, for
rotational spectra measured with the use of contemporary microwave spectrometers,
the necessary corrections resulting from the off-diagonal elements of the Hamiltonian
matrix must be treated explicitly in order to account for the hyperfine structure to
experimental accuracy. The largest discrepancies from the first-order approach are
observed for coupling by nuclei with large nuclear quadrupole moments such as '?71
(I = g) or for coupling by several quadrupolar nuclei. In this case the matrix
elements of the quadrupolar Hamiltonian are successfully described with the use of
irreducible tensor operator methods (Chapter XV of Ref. [12]). These methods give
satisfactory results for prediction of hyperfine structure of the rotational transitions
measured in supersonic expansion. The approach is successful even for coupling of
several quadrupolar nuclei with large nuclear qudrupole moments, such as for the

recently published [5] bromoform molecule CHBry (1 = 2 for ™Br, #'Br).

From the analysis of the hyperfine structure in the rotational spectrum the field
gradient g, for a quadrupolar nucleus can be determined. This quantity character-
izes the environment of the quadrupolar nucleus for each molecule and has a unique
value (see the discussion below). The actual fitted parameters of the hyperfine
structure are the nuclear quadrupole splitting constants y defined as

Xap = €4ap@, (2.38)

where () is the nuclear electric quadrupole moment, and e is the value of the elemen-
tary charge. The value of () has been determined from other experiments and for
a given nucleus is a constant. In the general case the nuclear quadrupole splitting
constants in the principal inertial axes are a tensor which has the form

Xaa Xab Xac
X=1 Xab Xob Xbe |- (2.39)
Xac Xbe Xee

The diagonal constants are often satisfactorily determinable from only the first-order
nuclear quadrupole splitting Hamiltonian. Owing to the Laplace condition, which
restricts the potential in a charge free region, nuclear quadrupole splitting constants
are in relationship xaq + X + Xee = 0. This condition means that there are only two
independent diagonal tensor elements, which can be determined from the analysis
of the hyperfine structure of the rotational spectrum.

For convenience, it is possible to define the principal quadrupolar axes x, y, z,
obtained by diagonalization of the inertial y tensor in Eq. 2.39. The diagonaliza-
tion procedure corresponds to an axis system rotation and gives the angles between
the principal inertial axes and the principal quadrupolar axes. This angle can give
precise information on the molecular structure in the region of the quadrupolar nu-
cleus. The deviation from the cylindrical symmetry of the electron charge around the
chemical bond to the quadrupolar atom is measured by the asymmetry parameter
7. In the principal quadrupolar axes system this is given by

n =2 Xw (2.40)
XZZ
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For an ideally cylindrical electron charge distribution this parameter is equal to 0.

For a molecule with a quadrupolar nucleus each rotational line is split into sev-
eral hyperfine components. For AJ = 1 transitions the components corresponding
to AF = 1 are the most intense, and their intensity relative to components from
other selection rules increases with .J. The splitting of the hyperfine structure de-
creases with J so that at high-J the hyperfine structure is overlapped, and often not
resolved in the spectrum. The width of the hyperfine structure and the number of
hyperfine components depend on three factors: the number of the nuclei with I > %,
the value of the spin-angular momentum [/ of the nucleus, and the absolute value of
the nuclear quadrupole moment (). In general, the higher the I for the quadrupolar
nucleus and the larger the number of quadrupolar nuclei in the molecule the more
complicated the hyperfine pattern that is observed. For instance, in the centimeter
wave region the hyperfine structure arising from one *N nucleus is measured only
for low J values with a spectrometer with frequency measurement precision higher
than 0.1 MHz. In the millimeter and submillimeter wave range the hyperfine struc-
ture is collapsed, although it might be still visible for some rotational transitions.
The N nucleus with I = 1 has the lowest possible value of I to produce the hyper-
fine splitting, and for this nucleus ¢ = 0.02044(3) barn. For molecules containing a
halogen atom the hyperfine structure is broader and more complex and may be visi-
ble even for high J values. A good example is difluoroiodomethane molecule CHF5I
30], since for the I nucleus @Q = —0.710(10) barn, which is more than two orders
of magnitude greater than for "N, and I for '*'I equals 3. Another example of a
molecule with complex hyperfine structure is bromoform CHBr3 [5]. The relatively
high values of Q and I (Q = 0.313(3) barn for ™Br, and I = 2), and the presence

2
of three quadrupolar nuclei cause each rotational centimeter-wave transition to be

split into many tens of hyperfine components.

The values of the x constants for a given quadrupolar nucleus in a molecule
depend on the nearest surroundings of the nucleus, e.g. for N in CH3CN y,, =
—4.2244(15) MHz [27] whereas in CH3NC x,, = 0.4894(4) MHz [28]. x constants
are very useful, and conclusive in assignment of spectra of existing rotamers of a
molecule. Rotamers are conformational isomers which differ by rotation about only
one single bond. A different spacial distribution of atom groups in each rotamer
implies different rotational spectra. The example of L-threonine shows that the
values of y constants for 14N in the -NH, group are very sensitive to its orientation
with respect to the rest of the molecule and to the inertial axes. On the basis
of x values obtained from rotational spectra and from reasonable quality ab initio
calculations, spectra of several lowest energy rotamers of L-threonine have been
unambiguously assigned [29]. The value of x can have another practical meaning:
comparison of the field gradient of a free atom with modified field gradient of this
atom in a molecule can be interpreted in terms of the character of chemical bonding
and its degree of hybridization (Chapter XIV of Ref. [12]).

In Chapter 6 of the dissertation the hyperfine structure of the rotational spectrum
of pyruvonitrile is studied. If we neglect hydrogen atoms of the methyl group then
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pyruvonitrile can be regarded as a planar asymmetric top with one N quadrupolar
nucleus. Nuclear quadrupole splitting tensor in the principal inertial axes system,
has the form

Xaa Xab 0
Xab Xep O |- (2.41)
0 0 Xee

In this case a and b axes lie in the plane of the molecule and ¢ axis is perpendic-
ular to this plane (see Fig. 6.2). The diagonal quadrupolar constants are sensitive
to the frequency of hyperfine components of the rotational spectrum and are easy
to determine. On the other hand, for planar asymmetric molecules with one *N
nucleus the off-diagonal constants are measured rather rarely due to their insuffi-
cient contribution to the frequencies of the hyperfine components. For pyruvonitrile
the diagonal quadrupole constants have been determined with the use of the SP-
FIT/SPCAT program package [24, 25]. Owing to the Laplace relation, the constants
explicitly determined from the fit are %Xaa and i(xbb — Xwb), While x4 can be es-
timated on the basis of ab initio calculations. Diagonalization of the experimental
nuclear quadrupole splitting constant tensor in the principal inertial axes system
gives three nuclear quadrupole splitting constants in the principal quadrupolar axes
system Xazz, Xyy, and X... Quadrupolar axes are chosen so that x., has the largest
absolute value, and then the z axis is usually placed in the ab plane of a molecule
so that zx plane is coplanar with the ab plane, and y axis is perpendicular to this
plane. In general, for planar asymmetric tops for which an atom with a quadrupolar
nucleus (here N) is the terminal atom in a chemical bond, the z—axis is close to
the axis of the N—X chemical bond (~ 1°). From the diagonalization the precise
value of the angle between the z axis of the quadrupole-fixed, and the a axis of
the molecule-fixed system can be obtained. This value can be compared with the
structural value of Z(N—X—a).

2.4 The Stark Effect

The Stark effect in the rotational spectrum leads to frequency shifts and splitting of
rotational lines due to application of an external electric field £. The resulting effects
are called Stark shifts and Stark splitting. Measurement of these phenomena allows
the most accurate determination of electric dipole moments of gaseous molecules.
The Stark effect in rotational spectra results from the interaction of the electric
dipole moment  of a molecule with the uniform external electric field £. The Stark
effect Hamiltonian can be expressed in the general form

He = —i€, (2.42)

where {1 is the electric dipole moment operator, and & is the electric field. Electric
dipole moment and the electric field are assumed to be constant in magnitude, and
the field has to have a fixed direction in space Z. The additional Z axis connected
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with the external electric field causes that the M degeneracy is partially lifted (see
Eq. 2.14) and for the simplest case of the diatomic molecule (2.J 4 1) levels result for
a given value of J. M labels the component of the total angular momentum along
the space-fixed axis Z, and can take values |M| = 0,J — 1,.J. The selection rules
for M are governed by the relative orientation of the Stark field and the microwave
radiation. The most commonly observed transitions are for AM = 0 and take place
when the vector of the external electric field is parallel to the electric vector of
the microwave radiation. The AM = +1 transitions are observed when these two
vectors are perpendicular.

The Stark energies for rotational transitions can be evaluated from perturbation
theory by using the symmetric rotor functions | J, K, M). From first-order pertur-
bation theory the energy correction is proportional to the first power of the electric
field €. The first-order Stark effect is most commonly observed for symmetric tops,
and takes place for K > 0, M > 0 components. The Stark shift of the K # 0 lines
with respect to the zero-field line is given by

nE

aiant =0 =2 () 5o

T+ DT +2)

(2.43)

Dipole moment is expressed in Debye units (1 D = 3.33x1073Y C m), and electric
field in V/cm. The largest Stark shift is observed for K = M = J. Stark shifts are
inversely proportional to the value of J but first order Stark effect can be observed
even for high J values.

For K = 0 or for M = 0 the first-order Stark effect vanishes (Eq. 2.43), which
could suggest that for these transitions no Stark shift is observed. Furthermore,
for linear tops, for which the K quantum number is not applicable, Stark shifts
should also not be observed. However, perturbation theory shows that higher-order
corrections for such rotational transitions are nonzero. In these situations the proper
description of the Stark effect involves a second-order correction. Stark shift for
linear or symmetric tops for the J = 0 — 1 rotational transitions takes the form

8 u2&?
Ay® = = 2.44
Y T By (244)
and for J # 0

20282 | 3M2(8J% + 1 —4 1)? 2
AV 5 4 1) = prE* | 3M35(8J% + 16J +5) —4J(J +1)°(J + 2) (2.45)

W2 | J(J +2)(20 — 1)(2J + 1)(2J + 3)(2J + 5)

From equations 2.43-2.45 it is apparent that the larger the value of effective dipole
moment p the lower the strength of the electric field that is required for a given
Stark shift. The accuracy of the dipole moment determined from the Stark effect is
higher when it is possible to observe large Stark shifts, thus rotational transitions
with lower J values are preferable for Stark effect measurement. This results from
the inverse proportionality of the shift with J for the first- and second order Stark
shift.
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For an asymmetric rotor there is no analytical expression describing the Stark
effect. The solution of Eq. 2.42 in asymmetric rotor functions suggests that no first-
order Stark effect should be observed. Usually, the Stark effect for an asymmetric
rotor is second-order, and is proportional to £2. However, a near first-order effect for
asymmetric tops may arise from near-degeneracy or degeneracy of rotational levels.
For the nondegenerate case Golden and Wilson [31] gave an approximate expression
for second-order shift which is proportional to M?. For the near-degenerate case
an intermediate-order Stark effect is observed, so that the second-order treatment
is no longer applicable. The perturbation method developed by Van Vleck turned
out to be very effective in dealing with near-degeneracies and degeneracies, and has
been extensively used for analysis of Stark effect measurements in asymmetric tops.
Details of this method are described in Chapter X of Ref. [12].

The presence of a nucleus with quadrupole coupling makes the Stark effect more
complex. The total angular momentum quantum number is in this case the quan-
tum number F', which arises from addition of the spin angular momentum and the
rotational angular momentum described by quantum numbers [ and J, respectively.
The projection onto the space fixed axis as described by Mp can take on integer
or half-integer values from —F to F. The selection rule for Mg in a typical ex-
perimental setup is AM = 0, but the less commonly observed AM + 1 rule is also
observed in the case of the perpendicular field configuration. For the molecule with
a single quadrupolar nucleus three different cases can be identified. The weak field
case, when u& < eq@, the strong field case u€ > eq@), and the intermediate field
case u€ =~ eq@. Each case is described in Chapter 8 of Ref. [32]. The most com-
monly observed Stark effect in measurements with the pulsed, supersonic expansion
Fourier transform microwave spectrometer (FTMW) (Chapter 3) is the third case
when Stark splitting is comparable in magnitude to the quadrupolar splitting. At
the same time this is the most difficult case for the analysis. Satisfactory results
in the analysis of the Stark effect in the intermediate field regime are possible with
irreducible tensor matrix methods, as described in detail in Ref. [33].

The QSTARK [34] program available from the PROSPE [17] database can be
used for fitting/prediction of Stark shifts for various types of rotors with up to one
quadrupolar nucleus. The energy matrix in QSTARK is set up by using irreducible
tensor methods with matrix elements from [33, 35, 36]. The program enables to
fit dipole moment components to the observed experimental Stark shifts by setting
up and diagonalising a separate matrix for each combination of the electric field
strength and the value of Mp. It is also useful for calibration of the applied electric
field strength through the analysis of the Stark shifts of molecules with a well-
known dipole moment such as OCS or CH3CN. For Stark measurements with the
FTMW technique the calibration of the electric field strength was performed with
Stark shifts of CH3CN and CH3l [34, 37]. These two molecules have larger dipole
moments and allow measurement of considerably larger Stark shifts for available
electric fields than is the case for OCS.
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2.5 Excited Vibrational States

In rotational spectroscopy we usually observe transitions between rotational energy
levels in the ground vibrational level (v = 0). However, the rotational transitions
in many excited vibrational states may also be observed. In spectra measured at
room temperature the rotational transitions in excited vibrational states with ener-
gies of up to 500-1000 cm~! usually have sufficient intensity for observation. The
main factor which governs the intensity of transitions in excited vibrational states
is the Boltzmann distribution e(=*7/«:) where k is the Boltzmann constant, T is the
temperature, and w; is the vibrational wavenumber of ith excited vibrational mode.
A good example of the rotational spectra for the ground and the first excited vibra-
tional state vy; = 1 is shown in Fig. 5.2 for the parent and four singly substituted
species of acrylonitrile.

Analysis of rotational behaviour in the ground and excited vibrational states
allowed formulation of the dependence of the effective rotational constants BS on
vibrational quantum numbers v;

d; d; d;
& 13 3 7 & 7
BU = B6 — E % <'UZ' + 5) + E E fyij <'Ui + 5) ('Uj + é) . (246)

i i 0>

The sums run over all normal modes. B¢ is the relevant equilibrium rotational
constant, & denotes the principal axis. In general, the af constants are an order
of 1072 of the magnitude of B%. The ~* constants are of the order of 1072 of the
af, and are rarely determined from experiment. d; is the vibrational degeneracy
and is 1 for nondegenerate vibrations and 2 for doubly degenerate vibrations. For
centrifugal constants a similar dependence to 2.46 can be formulated, but usually
the vibrational dependence is too small to be determined. The rotation-vibration
interaction constant «; for the asymmetric rotor is given by

2(BS)2 3w + w?
§ _ 0 (€9
0 === Mo ) Z ( ) Z%J“ 3/2 ’
n J
(2.47)
where w; is the vibrational wavenumber of the ith mode, while the agfn) coefficient

depends on the linear transformation matrix between internal valence coordinate
and normal mode coordinate @);, and is defined by Eq. 12 in Ref. [39]. Cﬁ ; 1s the
Coriolis interaction parameter between normal modes 7 and j, and ¢;;; is anharmonic
cubic potential constant. The «a; term (2.47) can be considered to be the sum of
three terms

(har)

o + a(cor)

+ o) (2.48)

The harmonic term arises from the quadratic dependence of Bf on the normal co-
ordinate ();, which results in the mean square displacement of (); causing a change
in rotational constant [39]. The Coriolis term arises from second-order Coriolis
interaction between the ¢ and j normal modes. The third term arises from the an-
harmonicity dependence of ();, which for small molecules is often the sole contributor
to «;.
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If the vibrational state is isolated in energy then it can be treated with the
same Hamiltonian as the ground state. In practice, however, vibrational states are
sufficiently close to each other for the appearance of interstate perturbations which
are discussed in the next section.

2.6 Fermi and Coriolis Interactions

The positions of the rotational energy levels in the ¢th excited vibrational state can
be considered to result from the sum of the rotational and the vibrational energies.
It might occur that rotational energy levels of different vibrational states are near
degenerate. This happens when vibrational wavenumbers of the normal modes are
very close in energy E ~ FEJ such as for cyanamide (Chapter 4) or phenylacetylene
(Chapter 7). In addition, the degeneracy can also occur for two relatively well
separated vibrational states EJ > E' when some of the rotational levels of the i
and j states for sufficiently large values of the K and J quantum numbers become
very close. Other factors which facilitate perturbations are large rotational and
centrifugal distortion constants. Such phenomena are observed in the THz spectra
of acrylonitrile and its isotopologues (see Chapter 5). Moreover, the perturbation
identified in acrylonitrile [23] is a prototype one since it arises from the interaction
of the ground state rotational levels with those in the first excited vibrational state
lying sufficiently high (228 cm™!) above the ground state that the two states would
normally not be expected to interact.

The near degeneracy of the rotational levels in different vibrational states induces
coupling between these energy levels. The coupling can be very large and can shift
the line positions substantially away from the pure rotational prediction. In this
case a single state fit with a set of rotational and centrifugal constants is no longer
adequate. However, for small perturbations the centrifugal constants might account
for the influence of the perturbation on the rotational levels, which often results in
effective values of centrifugal distortion constants, especially of D;x. In general,
the perturbation requires a more satisfactory treatment. For two nearly degenerate
states labelled ¢ and j, the rotational energy levels must be evaluated from the 2
x 2 block matrix containing the diagonal elements of ¢ and j describing the pure
rotational Hamiltonian, and an off-diagonal coupling term. This Hamiltonian for
the coupled fit of the two states has the form

i . H(l’t])
H= e com . 2.49
oD Hl,+ AE;, (2:49)

int

The H!,,, and ’Hfot are pure rotational Watsonian terms augmented by the energy
difference AE; ; between the ¢ and j states. From the rotational data AE; ; is usu-
ally determined with much higher precision than from even high resolution infrared
spectra. The connecting off-diagonal term ”Hi(;’tj ) describes the interaction between

vibrational states 4, j, and is discussed below.
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The most commonly observed type of coupling is the Coriolis interaction. The
presence of degeneracy is not sufficient to produce Coriolis interaction. It is necessary
for the vibrational modes to have appropriate symmetry. On the basis of symmetry
arguments Jahn formulated a general rule for predicting which normal modes might
be coupled by a Coriolis perturbation [40]. Each molecule possesses the symmetry
elements of one of the symmetry point groups. Each of the 3N degrees of freedom,
3 rotations, 3 translations, and 3N — 6 vibrations have the symmetry of one of
the irreducible representations of the point group. Coriolis coupling between two
normal modes ();, ), is possible when the product of the irreducible representation
is an irreducible representation of the pertinent point group which contains rotation
about one of the principal axes x, vy, z

I'(Qs) x I'(Q;) € I'(R:), (2.50)

where z denotes the rotation-axis.
The Coriolis perturbation can be described by the off-diagonal term in Eq. 2.49
which, in the case of the resultant rotation about the z axis, has the form

HED = z’(GZ+G§j2+ijz2+GiJf4+...)Jz (2.51)

(P + B 72+ FEZ2 4 L0+ ) (Judy + )
where G, I, are constants determined from the fit, and 2, z, y are the permutation
of principal axes a, b, c. This Coriolis term results from Ho; and Hao parts of the
vibration-rotation Hamiltonian (Chapter 17.8 of Ref. [13]). The coupling constant
G, is related to the Coriolis coefficient Cﬁj (here £ = z) connecting the i and j

vibrational modes
Gz = ngié:j (\/wi/wj + \/wj/wi) , (252)

where Cf’ ; 1s the Coriolis interaction parameter, which defines the efficiency of cou-
pling between normal modes (); and ;. The G, constant is in most cases a major
parameter in the fit, and reflects the magnitude of the first-order Coriolis effect Ho;
and also contributions from higher-order Coriolis interaction.

Additional correction to the energy matrix results from the £}, constant and its
definition in terms of reduced axis Hamiltonian is given in Ref. [41]. F}, proved to
be very successful in perturbation analysis for S(CN), [42], and in fitting the lowest
states in an inversion potential, as discussed in subsection 2.7.1 and in results for
cyanamide in Chapter 4. In many cases the Coriolis interaction takes place between
vibrational modes for which vibrational indices exceed the condition for appreciable
harmonic coupling in that they are not differ by unity. This higher-order, anhar-
monic interaction type was found in the interacting triad vy = 3 <> vg = 1 and
v =3 < Vg = 1in S(CN)Q [42]

The lengths of the centrifugal distortion-type expansions on constants G' and F' in
Eq. 2.51 are normally established empirically. The common practical difficulty en-
countered in analysis of Coriolis interaction is considerable correlation between fitted
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constants: B*, G, and F,,. This problem can be partly reduced by identifying and
using in the fit those rotational transitions which clearly manifest the perturbation,
as well as aiming for a large data set containing transitions governed by a variety of
selection rules.

The contribution to rotational constants from the Coriolis coupling can be eval-
uated from the ¢ term of Equation 2.47. The change of the rotational constants in
state ¢ with respect to the ground state arising from the i, j interaction is given by

2(B*)? 2 3w? + w?
8(BS - B§) = —daf = = (¢f)) S,

‘ Wi wi — ws

(2.53)

Coriolis resonance produces large shifts of the rotational energy levels of a given
vibrational level, and may also considerably perturb transition intensities. It might
occur between higher excited vibrational states (overtones) and combination modes.
The coupling is also possible between more than two states [42].

The nature of the perturbation is different in the case of coupling between two
modes ¢ and j with the same symmetry when the product of the irreducible rep-
resentations of ); and ), defined by Equation 2.50 is fully symmetric. This type
of interaction is called Fermi resonance. Fermi resonance is described by the off-
diagonal term in Eq. 2.49, which is of the form

H) = W+ W2+ WE T2 + [(Wi WL WE2 4 ), Jjgy] o (2.54)
+

where Jzy = J? - JE and [A, Bl = AB + BA. The Wy terms as written above
result from the general expression for such a term incorporated in SPFIT [43]

1

4

n,m
+

[ji T2, jgn] R j2m] , (2.55)
+

where J2 = J2 £iJ2 and thus J2 + J2 = 2.J2,.
The two-state Hamiltonian with off-diagonal Fermi terms is used for acrylonitrile in
Chapter 5.

Both Coriolis and Fermi terms were determined in this dissertation from fitting
the experimental data with the use of the SPFIT/SPCAT program package [24, 25].

2.7 Large Amplitude Motions

For some types of molecules certain vibrational motions are sufficiently large for
their displacement vectors to be of the same order of magnitude as the molecular
parameters r. These types of motions are called large amplitude motions. There
are several types of large amplitude motions. In particular, internal rotation of
protons in the methyl group —CHjs, and inversion of protons on the nitrogen atom
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of the amino group -NH, are by far the most commonly encountered by rotational
spectroscopy.

A representative example of large amplitude motion is the inversion motion in
ammonia. The equilibrium configuration of NHj is pyramidal, but as a result of the
large amplitude motion the molecule tunnels through the planar configuration to
the energetically equivalent, but inverted, pyramidal configuration. The two iden-
tically equivalent configurations are separated by a potential barrier which hinders
interconversion between the forms. Classically, the inversion from one minimum to
the other one is possible when sufficient energy is available. Quantum mechanically,
it may not be necessary to overcome the barrier in order to go from one minimum
to the other. The phenomenon of quantum mechanical tunnelling allows a degree of
penetration of the barrier. If the barrier is sufficiently low or narrow (or both) the
penetration may be so great that an interaction occurs between the identical sets of
vibrational levels in the two parts of the potential curve. This interaction splits the
degenerate levels into two components, the splitting being greater towards the top
of the barrier where tunnelling is more effective.

The lifting of the vibrational degeneracy allows this type of motion to be studied
by rotational spectroscopy. Because each vibrational sublevel gives rise to its own
spectrum, the number of measured transitions increases relative to the pure rota-
tional prediction. Usually, even the rotational lines of the ground vibrational state
are strongly perturbed, and demand an appropriate Hamiltonian, which is different
for the inversion motion and for the internal rotation of the methyl group.

2.7.1 Inversion

This section is devoted to the inversion motion in molecules, and its implication on
the rotational spectra. As has been mentioned above for the ammonia molecule,
the conversion from one pyramidal configuration to the other through the planar
configuration is possible by means of the inversion motion. This type of motion
is often detectable in rotational spectra of NHy—X-type molecules, for example in
cyanamide (Chapter 4), and other known astrophysical species such as methylamine
CH3NH,, and asymmetrically deuterated ammonia NHy;D, NDoH. Ring-puckering
of cyclic molecules like cyclobutane can also be treated in terms of inversion motion
[44]. The tunneling process through the potential barrier removes the degeneracy
resulting in doublets of rotational transitions. Energy splitting between the vibra-
tional substates is a function of the potential barrier height and is reflected in spacing
of the observed doublets. For relatively low potential barrier the energy splitting
might be so small that rotational levels in two substates 0 and 0~ resulting from
lifting of the vibrational degeneracy in the vibrational ground state can be strongly
affected by mutual interaction. The 07, 0~ notation assumes F(07) > E(07). In
the case of strong perturbation it is necessary to carry out simultaneous fit of the
data, by taking account for the higher order, Coriolis-type interaction connecting
these substates. For two coupled states 2 x 2 block Hamiltonian should be used, as
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given by Equation 2.49. The interstate coupling term for inversion is expressed in
the reduced axis system Hamiltonian suggested by Pickett [41]

2100 — (me +FL2 4+ FSJ2 4 B4 ) (jzjy + jyjz) . (2.56)
which is equivalent to second-order Coriolis coupling term (second part of Equa-
tion 2.51). The z and y denote the plane between the two inverting configurations.
The coupled fit of the measured rotational frequencies is possible with the SP-
FIT/SPCAT program package [24, 25]. The notation of the inversion substates (0,
0-, 17, 17, ...) is used in the analysis of cyanamide, but they are often simply
denoted by integer numbers 0, 1, 2, 3 etc. For correct intensity prediction of ro-
tational transitions in the inversion spectrum it is necessary to take into account

the symmetry of the vibrational function, which according to the first notation is
symmetric for states denoted by 4+, and antisymmetric for the — substates.

Double Minimum Potential

The nature of the spectra of molecules with the inversion motion is usually discussed
in terms of the inversion potential, thus it is worth to highlight its properties. The
inversion problem can be reduced to one coordinate ¢ (see Fig. 4.1). One of the
more successfull analytical forms of the simple one-dimentional double minimum
potential is the quartic-quadratic oscillator

V(¢) = agp’ + bs”, (2.57)

where a and b are constants describing the potential, and ¢ is a linear displacement
along the vibrational coordinate.
The Hamiltonian for one-dimensional quartic-quadratic oscillator is given by

H(p) = “o Pt V(9), (2.58)
where p = —ihd/0¢, 1 is the reduced mass related to the inversion, and V' (¢) is the
potential defined by Equation 2.57.
Equation 2.58 can be transformed into a reduced form using a dimensionless coor-
dinate z instead of ¢

20\ /¢
z= (5) al/®e, (2.59)
and defining new potential constants A, B
ﬁ2 2/3
A = (2—) al’?, (2.60)
1

21 1/3
B = (ﬁ) a= %3, (2.61)
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Hamiltonian 2.58 can then be written as
H(z) = A(p? + =" + B2?), (2.62)
and the reduced quartic—quadratic potential function is given by
V(z) =A(z" + B2?). (2.63)

A and B describe the shape of the potential, and B can be negative or positive.
Negative value of B introduces a quadratic hump giving rise to double minimum
potential, while a positive value of B leads to a single minimum potential. For B = 0
the potential is a pure quartic oscillator, and for B — oo the function approaches
the harmonic oscillator. Each value of B defines a set of eigenvalues that may be
computed and then scaled by the parameter A. The z coordinate of the two minima
is given by 22. = —B/2, and the height of the central barrier Vj is equal to AB?/4.
The barrier height determines the magnitude of the splittings between the lowest
inversion substates. In the two borderline cases of oxetane and monochloroamine
(NH,Cl) with barrier height of 15 cm™ and 4400 cm™!, respectively, the splittings
are substantially different. For oxetane the differences between energy levels are
AE;o = 5290 cm !, AE3;5 = 104.44 cm™! [45], whereas for monochloroamine the
energy levels are nearly degenerate AE; o = 0.0023 cm™! [46], and AF35 = 0.162
cm ™! [47]. The double minimum potential for cyanamide and its deuterated species
is given in Fig. 4.6.

The reduced mass p for the inversion motion of the NHy;—X-type molecules is a
complex function of structural parameters. In general, for NHy—X-type molecules

a valid approximation is
1 1 1

% o 4mH1 4mH2’

(2.64)

where my is the hydrogen mass. Derivation of the reduced mass is discussed on
p. 229 in Ref. [32], and its explicit expression for cyanamide is given in Chapter 4 of
this dissertation. Isotopic substitution in the molecule with inversion motion should
not alter the shape of the potential and the barrier, however it causes changes
in the inversion level spacing. In general, with an increase in the reduced mass
for the inversion motion the splittings are reduced by the slower rate of tunneling
through the potential barrier. In particular, substitution of the inverting hydrogen
atom by deuterium substantially changes the energy levels positions, e.g. for NHj
AFE; o = 0.7934084(24) cm™! [48], and for NHyD AF; o = 0.40592793(39) cm™! [49).

It is worth noting that Hamiltonian 2.62 does not have an analytical solution,
thus the energy matrix is set up in the anharmonic basis set, which is a linear
combination of the harmonic vibrational wave functions. The eigenvalues resulting
from diagonalization of the energy matrix give the anharmonic energy levels. The
eigenvalues as well as expectation values of the reduced coordinate (2%),,, (2*),, have
been tabulated for values of B from 0 to —10 in Ref. [50]. Energies, eigenvectors
and vibrational transitions for a reduced, one-dimensional anharmonic potential
on the basis of known A and B constants can also be calculated with program
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ANHARM, which is available from the PROSPE website [17]. The program has
been recently used in determination of the energy levels of the ring-puckering mode
of 1,3-benzodioxole [51].

2.7.2 Internal Rotation

For molecules which have the methyl group —CHjs, the group can rotate about the
single bond with respect to the rest of the molecule, and such motion is called internal
rotation. If we consider asymmetric top molecules, then internal rotation can lead
to three energetically equivalent positions of the methyl group in the molecule.
The tunneling effect, analogous to the inversion in ammonia, splits each torsional
level into a nondegenerate A component and a doubly degenerate E component.
In consequence, each rotational line is a doublet of equal intensity components, its
splitting is a sensitive function of the potential barrier of the hindered rotation. If the
barrier is very high then the torsional motion corresponds to harmonic oscillation and
no splitting of the rotational lines is observed (A and E components are degenerate).
For a very low barrier the internal motion can be regarded as a free rotation. In
order to analyze rotational spectra of pyruvonitrile — CH3COCN (Chapter 6) three
different approaches implemented in three different programs have been used. The
programs have been deposited by their authors on the PROSPE website [17] and
their underlying methods are briefly described in the subsections below.

A good starting point for the description of the utilized methods is the model
Hamiltonian for an asymmetric rotor with a single methyl internal rotor, which is
given in the principal axes system by

Hp = HY + Hy, (2.65)

where ’ngd) is a standard reduced Watson Hamiltonian (Eq. 2.29), and the H; term
describes the internal rotation of the methyl group defined as

Hi = F(jo—p'J)? + V(). (2.66)
The F' constant is the internal rotation constant defined by

ﬁ2

F=— 2.67
2rl, ( )
where [, is the moment of inertia of the methyl top, and r =1 — 3" A2[,/I,, A,
(z = a,b,c) are direction cosines of the internal rotation axis i of the top in the
principal axes system. Components of the p vector are given by p, = A.I, [L.. jo is
the angular momentum operator of the internal rotation, and finally J is the total

angular momentum operator.

The internal rotation potential function for methyl rotor top has a 27/3 period-
icity and can be expressed by the Fourier series

1 1
V() = §V3(1 —cos3a)+§V6(1 —cosba) + ..., (2.68)
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where o denotes the torsional angle, V3 is the potential barrier height, and usually
Vs > Vs,

The classification of different methods dealing with internal rotation is correlated
with the choice of the coordinate systems and has been described in great detail in
Ref. [52, 53].

SPFIT

The SPFIT program enables treatment of internal rotation doublets in the frame-
work of the basic Principal Axis Method (PAM) Hamiltonian [54]. This method
uses principal axes of the entire molecule as the coordinate system, and it is mostly
appropriate for analysing spectra of molecules with intermediate and high barrier
to internal rotation. In this approach the A and E sublevels are treated separately,
since their physical behaviour is different. For the A sublevel standard semirigid
Watson’s Hamiltonian is sufficient to reach experimental accuracy. On the other
hand the E state requires an additional term

HIM = (D, + D7J? + DEJ? + DY J + DI 2P + DEK jA 4 )], +
(D, + DJJ* + DEJ2 +..)J,. (2.69)

The subscripts x, y of the coupling constants D denote the plane containing the
internal rotation axis of the methyl group in the molecule. For a planar asymmetric
top the plane of the internal rotation axis is in coincidence with the principal axes
plane ab, so that the coupling constants D,, D, are determinable from a fit of the
E state transitions, and D, = 0. The coupling constants are defined by

D.=Fp.W., (2.70)

and Wg) coefficients have been tabulated in Ref. [55] for a given reduced barrier s

defined by
4V3

5= —.
9F
The approximate values of the “true” structural rotational constants are defined by

(2.71)

B¢ = (BS +2B5)/3. (2.72)

This approximation should also be valid for centrifugal distortion constants.

The SPFIT program also allows fitting of the hyperfine structure in internal
rotation spectra arising from the presence of quadrupolar nuclei. The value of the
three-fold internal rotation potential barrier V3 is determined indirectly in SPFIT
from differences of rotational constants of A and E sublevels of a given vibrational
state, or from D constants obtained from a fit of the E sublevel. The procedure has
been summarised in Ref. [56].

The PAM approach has been recently applied to analysis of internal rotation
spectrum of pyruvic acid [57] and o-chlorotoluene [56]. In this dissertation this
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method is used to fit the F states of the ground and two excited vibrational states
of pyruvonitrile (Chapter 6), and the results are compared with those from other
methods described below.

XIAM

The XIAM program has been originally created to fit the rotational spectrum of
an asymmetric molecule with up to three symmetric internal rotors and up to one
nucleus leading to a weak nuclear quadrupole coupling in the spectrum. XIAM
sets up the Hamiltonian in the principal axis system of the entire molecule but the
internal rotor operator of each top uses the internal axes method (IAM) given by
Woods [58] and modified by Vacherand et al. [59], which actually can be classified
as “rho axis system” (RAM). Details on the coordinate axis system and numerical
solution of the torsional problem applied in XIAM can be found in [60].

XIAM allows a simultaneous fit of A and E species of a given vibrational state
with a single set of rotational and centrifugal constants, and a relatively small num-
ber of internal rotation parameters. For this reason this approach is much more
efficient in comparison to the PAM method implemented in SPFIT. It is possible
to fit centrifugal distortion constants of the overall rotation up to the sixth order in
the Watson S and A reduction. Additionally, the empirical fourth-order distortion
coupling constants between the internal and overall rotation are included [61], which
are given by

HAN = 280 (Jo — p1 )P S
s | (o = P12 T2+ T2 = 1]
o |G = PUIPIE = )+ (T2 = TG = 1))
+8.37 cOS 3, (2.73)

where A, Akm, 0, and d.3; are empirical internal rotation — overall rotation
distortion constants. These constants are usually used in the fit in order to ob-
tain a better reproduction of the observed spectrum. However, the use of only four
coupling terms limits the applicability of the program to moderate-J and K tran-
sitions. For this reason XIAM has not been sufficiently verified for fitting high-J,
large milimeter-wave datasets except for a recent paper on pyruvic acid [57] and
in this dissertation. The neglect of some off-diagonal terms in torsional matrix ele-
ments used in XIAM is valid only in the high-barrier limit [52], which should be kept
in mind when using the program. Nevertheless, the program delivers easily inter-
pretable quantities such as potential parameters V3, V4, internal rotation constant
F, and rho-parameters, e.g., the magnitude of the p vector which is in coincidency
with the z axis of the RAM system, as well as Euler angles (5, v) between the
principal axes system and the rho system.
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ERHAM

The ERHAM program uses an effective rotational-torsional Hamiltonian developed
for a molecule with one or two internal rotors by Groner and coworkers [62, 63, 64].
The internal rotation Hamiltonian in this approach is set up in a rho-axis system, in
which the reference z axis is parallel to the internal rotation vector p. The matrix
elements of the effective Hamiltonian are expressed in the basis

|JKMvoy) = |JKM)|voy(K)), (2.74)

where |JK M) are symmetric rotor basis functions, and |voy(K)) are torsional basis
functions characterized by the vibrational quantum number v, and the torsional
symmetry number o equal to 0 for the A states and +1 for the E states. J, K, M
are rotational quantum numbers. The torsional basis functions can be expressed as
a Fourier series. The matrix elements of the effective Hamiltonian [66, 67] are then
given by

(JK'Mvoy [Heg| JKMvoy) = (JK'Mvoy |Heg—rot| JKMyoy)

+ Z Yir k(K,) |€4=0 + 2 Z (egeosal) |,
KP

q>0

(2.75)

where Yy (K,) = (JK'M|JK,M)(JK,M|JK'M), K, is the J projection onto the
rho axis system, and ¢ is the Fourier expansion coefficient. The terms with ¢ > 0 are
called tunneling terms, and a = 2mwg(0; — pK,)/3. In this Hamiltonian the potential
energy terms do not appear explicitly, although the tunneling coefficients of the
internal rotation energy €, depend on these terms. Heg_ror refers to the following
Fourier series

Hoff-rot (BQOOq:o +2 Z B200, cos aq> J?

q>0

+ (Bozoq:0 +2) " B020, cos aq> J?

q>0

+ <3002q:0 +2) " B002, cos aq> (J2 + %)
q>0
+ (Centrifugal distortion terms) + . .. (2.76)

Bkpr, are the tunneling coefficients in the effective rotational Hamiltonian analo-
gous to the scheme in Ref. [63], and k, p,  define the powers of the associated angular
momentum operators, J k. jf and j_’L+JAE. The tunneling coefficients Bkpr,, and the
tunneling energy coefficient €,— are determined from fit. The Bkpr, notation has
been used in this dissertation, however, recently the author of the ERHAM program
modified this notatation such as in papers [65, 66, 67]. Both notatations of some
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Table 2.1: Indices and names of the lowest order tunneling parameters in two
notations used in ERHAM.

IQ1¢,1Q2 k p r Notation 1> Notation 2¢

Energy tunnelling parameters
4 q 0 00 €qq’5 €10, €01, €11
¢&,—q 0 0 0 €q,—q'» €205 €025 €1,-1

Rotational constants

q, q’ 0 2 0 BOQqu/ [A — (B + C)/Q]qq/
¢ ¢ 2 0 0 B200y, [B+C]/ 24
¢ ¢ 0 0 2 B002, [B-C]/4y

Centrifugal distortion constants

q, q’ 4 0 0 B400qq/ [AJ]qq/
q, q/ 2 2 0 3220,1,1/ [AJK]qq/
q, ¢ 0 4 0 B040,, [Ak]qq
¢ ¢ 2 0 2 B202y [0/
q, ¢ 0 2 2 B022,, [0k qq
q, ¢ 6 0 0 B600,, (D] 40
q, q/ 4 2 0 B420qq/ [(I)JK]qq/
q, q/ 2 4 0 B240qq/ [(I)KJ]qq/
q, ¢ 0 6 0 B060, (D k] qq
q, ¢ 4 0 2 B402,y (DK qq
q, q’ 2 2 2 3222qq/ [(/J)JK]qq/
q, ¢ 0 4 2 B042,, (DK qq

Coriolis tunneling parameters

q ¢ 0 10 BOquq’ [GZ]qq’
q, ¢ 0 0 1 B001,,

*The parameters IQ1 and IQ2 indicate to which localized state a tunneling parameter is
related to. For molecules with single internal rotor only one parameter IQ1 is used.

®The notation of the tunneling parameters Bkprye of the effective Hamiltonian 2.76
used in Ref. [63] and in this work. k, p,r define powers of the associated angular momentum
operators J, J., and J' + J, respectively.

“The modified notation of the tunneling parameters used in Ref. [65].
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important tunneling parameters have been collected in Table 2.1. The specification
of the tunneling constant names used in ERHAM can also be found on the PROSPE
website [17].

The program treats A and E levels together, but it can not deal with several tor-
sional states simultaneously. ERHAM determines the magnitude of the F' constant,
the value of vector p, the Eulerian angle between the rho-axis and the principal
axes system, and the torsional energy difference AE,_g. The program uses quar-
tic, sextic and octic centrifugal distortion constants in both S and A reduction of
Hamiltonian. With the current release it is not possible to fit hyperfine structure of
torsional spectra arising from quadrupolar nuclei in the molecule.

Recent investigations of torsional spectra showed that ERHAM is a very efficient
tool for analysis of excited torsional states of many astrophysical species, such as
acetone [68, 69], and dimethyl ether [70].

2.8 Molecular Structure

One of the main molecular properties determined by rotational spectroscopy is the
molecular structure. Molecular structure is characterized by the position of each
atom determined by the nature of the chemical bonds by which it is connected to
its neighboring atoms. The positions of N atoms in a molecule are described by 3N
coordinates of the Cartesian system, corresponding to 3N — 6 independent internal
parameters. Internals are composed of N — 1 bond lengths, N — 2 bond angles, and
N — 3 non-planar angles (dihedral or torsional angles). For planar molecules (e.g.
acrylonitrile) there are only 2N — 3 independent internals.

The most unambiguous description of the geometry of a molecule is the equilib-
rium structure r.. An equilibrium internuclear distance is the distance between two
hypothetically vibrationless nuclei at the global minimum of the potential energy
surface. The equilibrium structure has a well defined physical meaning, within the
Born-Oppenheimer approximation it is isotopically invariant, and enables compar-
isons between molecular structures of various molecules.

The rotational constants determined from the analysis of the rotational spectrum
contain structural information. The relations of rotational constants and moments
of inertia to the molecular structure are given by equations 2.2, 2.3 and 2.9. It is
known that even in the vibrational ground state the molecule undergoes zero-point
vibrational motions. The experimentally determined rotational constants do not
define the equilibrium molecular geometry but the effective structure, denoted as
To-

Equilibrium rotational constants B¢ are related to those in the vibrational ground
state and excited states B by Equation 2.46. Usually, the second part of Eq. 2.46 is
small enough to be neglected so that the relation between equilibrium and ground
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state rotational constants can be simplified to
d.
Bt = B§ s 2.77
e 0 + le Q; 2 ) ( )

where the sum runs over all normal modes (3N — 6 for non-planar molecules, where
N is the number of atoms in a molecule).

From the above equation it is apparent that for an N-atomic asymmetric rotor
3N — 6 singly excited vibrational states should be studied in order to determine
equilibrium rotational constants BS. It should be noted that rotational constants of
all excited vibrational states should have been properly corrected for small contri-
butions from centrifugal constants, and larger contributions from Fermi and Coriolis
resonances, which might influence the Bg constants significantly, and affect the de-
rived equilibrium structure. For these reasons reliable experimental equilibrium con-
stants are known mainly for diatomic and triatomic molecules. For most polyatomic
molecules the determination of BS constants is still out of reach experimentally.

In order to describe a complete molecular structure 3/N —6 independent internals
must be determined. Rotational constants of the main isotopic species are insuf-
ficient for that purpose. Thus the spectrum of substituted isotopic species must
also be studied in order to provide adequate data for the evaluation the structural
parameters. In general, the more data on isotopologues, the better the quality of
the determined structure. Thanks to high sensitivity of contemporary spectrometers
many important singly substituted isotopic species can be measured in their natural
abundance, e.g. %S (4.22%), 13C (1.07%), '*N (0.368%), ®O (0.204%). However,
isotopic substitution of hydrogen atoms in the form of isotopic species containing
deuterium must be usually carried out by enrichement through chemical synthesis
due to low isotopic abundance of 2H (0.0115%).

In the subsections below several standard methods of the structure determination
from only the ground-state rotational constants are described. The effective ground-
state structure - rq is focused on first, then the simple Kraitchman’s substitution
method r; is described. Next, two different techniques devised in order to obtain a
near-equilibrium structure from the ground-state rotational constants are discussed:
the mass-scaled 7, structure, and the semi-experimental equilibrium structure 5

e

2.8.1 Effective Structure r

The structure determined directly from the BS constants is called the effective
ground-state structure - rg. In this method structural parameters are fitted in a
least squares manner in order to obtain the best reproduction of the ground state
rotational constants Bg or Ig of all available isotopologues. The basic assumption
in the ry structure is the structural invariance for different isotopic species. This
assumption is valid only for the rigid equilibrium structure of the molecule. Isotopic
substitution, particularly for hydrogen and any light atoms can produce a significant
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Table 2.2: Effective and equilibrium bond distances for various iso-
topologues of HCI.

TOG/A Teb/A ry(,%)c/A r%)d/A

H3°C1 1.28387
H37Cl 1.28386
D3°Cl1 1.28124
D37Cl1 1.28123

1.27460 1.27456 1.27458

“Data from Ref. [71]

YEquilibrium value is the same for all isotopologues. Data from Ref. [72]
ey, = 0.01850 u'/2A, [71]

45 = 0.009192 u'/2A, [71]

change in the zero-point vibrations, so that a given set of ry parameters cannot be
expected to precisely reproduce the Bg of more than one particular isotopic species,
see Table 2.2. The rotation-vibration contributions to the moments of inertia have
inverse proportionality with atomic masses, so that the ry coordinates of the heaviest
atoms are closer to the equilibrium structure r. than those for lighter atoms.

Availability of plentiful experimental data for diatomic molecules allowed formu-
lation of the relation between the averaged (r) and the effective structure rq. (r)
describes the average bond length associated with the average configuration of the
atoms, evaluated by a partial correction for the effects of vibration, as described in
Chapter XIII of Ref. [12]. The distance r¢ does not represent the averaged bond dis-
tance, but rather is defined in terms of reciprocal of the square root of the averaged

inverse square bond distance
1\ "1/2
7”0 ey <T—2> ;é 7”6_ (278)

For polyatomic molecules this relation is invalid because of Coriolis contributions.
In general, the ry method gives sufficiently good results for rigid molecules, e.g. for
methyldiacetylene [73] r(C—H)=1.0549(3), r(C=C)=1.2091(7), r(C—C)=1.3753(16)
A, while semi-experimental equilibrium rSE parameters (see subsection 2.7.4) are
1.0613(3), 1.2085(6), and 1.3734(14) A, respectively. The ry bond lengths are ex-
pected to be longer than those at equilibrium, and thus the ro(C—H) value is not
reliable. This anomaly is reported quite often in the literature and it results not
only from the rotation-vibration contributions themselves, but also from their large
change between deuterium isotopologues and the parent species. It is not surprising,
therefore, that the effective values of the structural parameters involved in large am-
plitude motions are usually in poor agreement with the equilibrium values. For the
HCI- - - HO dimer [71], the ¢ out-of-plane bend angle ¢ was found to be 10 degrees
lower than r&) and equilibrium ab initio values. This discrepancy is associated with
substantially different position of the effective and equilibrium parameters on the
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potential energy surface.

The rq structure can be least-squares fitted with the use of the STRFIT program
[71], which is available from the PROSPE database [17]. The initial molecular
geometry is given in internal coordinates with explicit declaration of the optimized
parameters.

2.8.2 Substitution Structure r,

This method uses the ground state moments of inertia I§ of the main and of the
substituted species. Kraitchman has shown [74] that single isotopic substitution
of an atom is sufficient to determine directly the coordinates of that atom in the
principal axes of the parent molecule. The structure obtained with this method
is called substitution structure, and it is denoted as r;. Very simple formulae for
derivation of atomic coordinates favoured this method over ry. Explicit expressions
have been derived for linear, symmetric top, planar and nonplanar asymmetric top
molecules [74], and for convenience have been built into the computer program KRA,
which is available on the PROSPE website [17].

It is generally supposed that the r4 structure is a somewhat better approximation
to the equilibrium structure than ry. This expectation arises from the fact that for
diatomic molecules the | b | coordinate of an atom is calculated from the difference
between the moment of inertia of a substituted species [3/ and of the parent species,
Is

b= [ (- )] " (2.79)

where = MAm/(M + Am), M is the mass of the original molecule and Am is the
mass change on isotopic substitution. Rovibrational contributions € to the moments
of inertia can be defined as e = IS — I¢, and depend on the atomic masses. The
€t are slightly different for the parent and for the substituted species. Nevertheless,
for diatomic molecules this formula allows for partial cancellation of the rovibra-
tional effects to the ground state moments of inertia, which is an unquestionable
advantage over the ry method. Costain has proved that for diatomic molecules the
approximation

rs = (re +10) /2, (2.80)

is always valid, resulting in the relation r. < ry < rg. For polyatomic molecules
there is no proof that the r, structure should be closer to the equilibrium structure.
Despite this, the Kraitchman’s equations are based on Alg, and it is anticipated that
even incomplete cancellation of the rotation-vibration terms € should give better
results than rg.

The error in the derived substitution coordinates is estimated from Costain’s em-
pirical rule

K

TR

52 (2.81)
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where K is generally set to 0.0015 [75]. It follows from the above equation that small
coordinates are unreliable, since for | z |< 0.15 A the expected error is larger than
0.01 A. The substitution structure might also be unreliable for coordinates larger
than 0.5 A as has been shown for many cases in [76]. Another problem with the
ry structure are imaginary coordinates arising from rovibrational contributions, as
found for anisole or benzaldehyde [77]. Finally, determination of a complete molec-
ular structure with this method requires substitution of all atoms in the molecule.
This is unattainable for atoms of some elements, such as fluorine which are found
in nature only in one isotopic species [78].

2.8.3 The Mass-Dependence Structure 7,

The most recent version of this method of the structure determination has been
proposed by Watson and coworkers [79]. It is built upon previous experiences in the
use of mass-scaling to derive equilibrium-quality geometries - the earlier r,, method
of Watson [80], and the 72, method from the Harmony group [81, 82, 83, 84]. In this
updated method the isotopic-dependent rovibrational contribution to the moments
of inertia is expressed in explicit mathematical form by two types of adjustable
parameters ¢t and d¢

€5 = ce(IS)Y? + de(mymy - - -my /M) CN=2), (2.82)

where N is the number of atoms in the molecule, M is the molecular mass, and
¢ denotes inertial axes. The parameters c; and de¢ are fitted simultaneously with
the r,, structural parameters for best reproduction of the observed, ground state
moments of inertia I§ according to

I§ =15 + €, (2.83)

where I, is a rigid moment of inertia calculated directly from the fitted structural
internals.

The first correction term c¢ scales the moment of inertia with mass dependence.
The second term d corrects for the anomalies arising from small coordinates [85],
which are troublesome in the r, method. These two terms do not have a well-defined
physical meaning, as is apparent for HCI in Table 2.2, where ¢, as well as 0y param-
eters (see below) reproduce the rovibirational contribution eg equally satisfactorily.
The result in both cases is an HCl bond length very close to the equilibrium value.
The c¢ and d¢ parameters tend also to be determined with significant standard error.
The model which includes only the c¢ terms in Eq. 2.82 is according to [79] denoted

as r%), and that with both ¢ and d¢ terms is called r$2.

In [79] Watson et al. also accounted for the small rotation of the principal axes
system induced by isotopic substitution. In order to take it into account for an
asymmetric rotor three diagonal and three off-diagonal c¢ parameters in the form
of a symmetric (3x3) matrix c are necessary. In practice the use of off-diagonal
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parameters somewhat improves fit, but only when the rotation of axes upon isotopic
substitution is large, such as in HyO [79].

The substitution of hydrogen by deuterium is associated with an unusually large
relative change in atomic mass causing large changes in molecular vibrations between
isotopologues. This can cause anomalies in molecular structure determinations. The
Laurie correction term [86] has been added to the approaches proposed in [79] in
order to determine more reliable r,,(XH) bond lengths which are given by

M 1/2

—mH(M p— (2.84)

ol (XH) = 1y (XH) + 05 |
where dy is an adjustable parameter. For large M the value of dy is relatively in-
variant and is assumed to be equal to 0.010 u'/?A [86]. The inclusion of this term is
identified in notation by a letter L, as in i and 2. The correction amounts to a
shrinkage of the C-D bond of about 0.003 A compared to the C-H bond but it does
not significantly affect the other parameters [85]. In [79] Watson et al. examined
this method for a number of well-known di-, tri- and tetra-atomic molecules. They
showed that it gives a closer approximation to the equilibrium structure, than the
standard r; and ro techniques. Recently in [71] Kisiel showed that this approach
delivers close to equilibrium structure for several examined molecular complexes:
Rg---HX, Ny---HX, HyO---HX and Ary- - - HX. The method gave encouraging re-
sults by taking proper account for the influence of the large amplitude vibrational
motions on the ground state moments of inertia. The method was also successfully
applied for relatively large molecules like phenylacetylene [87]. However, the 7,
structure determination of the complex of phenylacetylene with argon [88] turned
out to be difficult. This is caused by specific interaction of the rare gas atom with an
aromatic molecule, that can be regarded as a nearly free-rotation. This anharmonic
motion strongly influences the ground state moments of inertia in a way that is not
well described by simple €& parameters.

The standard deviation of the least-squares fit with the r,, method is substan-
tially lower than with the ry method (see Table 2.3). This method requires a com-
parable amount of isotopic data to that used by r,, but it can also take advantage
of multiple substitution. The rﬁ,}b), rﬁ,%), rﬁ,}bL), and rsz) determinations have been

incorporated into the STRFIT program [17].

SE

2.8.4 Semi-Experimental Equilibrium Structure )

Contemporary ab initio calculations have become a very useful aid in determination
of accurate molecular structures. The state of the art level of calculation can provide
good quality equilibrium structures r, that can be used to verify experimental ones.
Ab initio calculations at lower, but still acceptable level of theory provide reasonable
quality force fields. The calculated quadratic and cubic force constants can then be
used to calculate the rovibrational constants of (see Eq. 2.47). If the force fields
are sufficiently accurate then the computed af can be used in place of experimental



CHAPTER 2. THEORETICAL BACKGROUND 39

Table 2.3: Molecular structure of silyl fluoride SiH3F'.

r(F—Si)/A r(Si—H)/A Z(FSiH)/ © Ref.
T 1.5953(9) 1.4743(14) 108.13(15) [89]
rit)a 1.5882(6) 1.4691(1) 108.304(7) [89]
rSE 1.59048(6) 1.46948(9) 108.304(9) [89]
7e° 1.5915 1.4675 108.037 [91]

%aq = 0.0242(5)u'/2A, cp, = 0.0478(47)u'/2A.
Rotation-vibration constants calculated at the CCSD(T)/cc-pCVTZ
level.

“Experimental r, structure obtained from two isotopologues: 28SiHzF
and 28SiDsF.

rotation-vibration constants to correct experimental ground state rotational con-
stants to equilibrium (Eq. 2.77). In view of the considerable effort required for the
determination of equilibrium rotational constants this approach seems to be very
promising. For small molecular systems it has recently become very popular thanks
to still improving capabilities of computers and ab initio methods. The molecular
structure determined with this method is called the semi-experimental equilibrium
structure, and it is denoted as r5F

In order to determine the 75F structure, the rotation-vibration contribution to
the rotational constants should first be calculated. A reasonable level of ab initio
calculation is such that accounts for electron correlation at least at the MP2 or better
at the more expensive levels of theory like CCSD or CCSD(T), and uses a sufficiently
large basis-set. The choice of the method and of the basis set can be tuned on the
basis of comparison of the calculated and of the available experimental rotation-
vibration constants o for the studied molecule. It is worth noting that experimental
ozf for individual modes might be determined from a coupled fit of perturbed states,
while ab initio usually gives the effective values of af. Coriolis perturbation between
vibrational states is always associated with a given axis £ of the coordinate system.
The perturbation can significantly change the rotational constants connected with
the ¢ axis. In the case of an interaction between two excited vibrational states
the contributions to rotational constants are of equal magnitude but have reversed
signs. Thus the sum of the effective ot and those with perturbation contributions
should be equal. Details of evaluation of the Coriolis contribution to the rotational
constants are discussed in Chapter 7.

The rotation-vibration contributions are relatively small but not negligible, and
their values are usually close to «~ 1% of those of rotational constants. Rotational
constants are corrected according to Eq. 2.77.

The next, much smaller correction to experimental rotational constants results
from the use of the reduced Hamiltonian in determination of the ground state ro-
tational constants. The so-called determinable constants A, B,C introduced by
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Watson [21] depend on the reduction type, and for the A reduction are given by
(repr. 1)

A = AW 1 2A;
B = BW 1 2A;+ Ay — 265 — 20k (2.85)
C = C(A)+2AJ+AJK+25J+26K,

in case of the S reduction

A = AY 42D, + 6d,
B = BY 42D, + D,g + 2d; + 4d, (2.86)
C = C® 42D, 4 Dy — 2d; + 4ds,

where A, ... are the experimental constants in the A-reduction, A®), ... are
the experimental constants in the S-reduction. However, these constants are still
affected by small centrifugal distortion effects. The “true” rigid constants [90] are
given by

1 1

AT = A+ 5 (Tbbcc + Tabab + Tacac) + incbc (287>
1 1

Br = B+ 5 (chaa + Tbebe + Tbaba) + ZTcaca (288)
1 1

Cr = C + 5 (Taabb + Teaca + chcb) + ZTabab (289>

Another small correction to the rotational constants arises from the electron
distribution around the nuclei. The electronic correction is calculated from relation

B

Bf=-—n—
L+ 579

el

(2.90)

where g¢¢ is an element of the molecular tensor g and is expressed in units of nuclear
magneton, m is the electron mass, M, is the proton mass, £ refers to the principal
axes of the molecule. The value of the g tensor can be determined experimentally
from the analysis of the Zeeman effect on the rotational spectrum (Chapter XI of
Ref. [12]) or from ab initio calculations. Zeeman effect on the rotational spectrum
of silyl fluoride 2SiH3F gives goo= —0.32 and gy = 0.1145 [91]. The electronic
correction for the rotational constant A, = 85077.751(39) MHz [92] is 14.8 MHz,
and for By = 14347.568984(40) MHz [93] is —0.9 MHz. Corrections resulting from
the use of the reduced Hamiltonian for determination of Ay and B, are 0.03 MHz,
and 0.2 MHz, respectively, and those for the “true” rigid rotor constants are less
than 0.03 MHz. When compared to rotation-vibration contributions, which are
s>, o = 8421 MHz and 1>, of = 80.75 MHz [89] it is seen that the Hamilto-
nian and the electronic corrections are negligible. After calculating the necessary
contributions to the experimental rotational constants of all available isotopologues
the internals are fitted with the least-squares procedure for best reproduction of
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Table 2.4: The approximate scaling behaviour [97] of compu-
tational cost, as a function of the number of basis functions
N of various quantum chemistry methods.

Scaling behaviour Methods

Nt HF

N MP2

NS CCSD
NT CCSD(T)

corrected experimental rotational constants or moments of inertia. This method
gives better results than ry and it is expected to be more reliable than r,,, which
often underestimates the bond lengths (Table 2.3). This method is limited by the
number of electrons in the molecule N, since standard ab initio techniques scale
as N° for MP2 or N® — N7 for coupled cluster methods (see Table 2.4). For this
reason reasonable quality r5F structures are still obtained only for relatively small
molecules (up to 10 atoms).

The 7°% method has been used for determination of molecular structures of
cyanamide (Chapter 4) and acrylonitrile (Chapter 5).

2.9 Quantum Chemistry Calculations

Quantum chemistry calculations constitute a valuable and complementary source
of information on molecular properties, especially on those, which cannot be de-
termined from experiment. In this dissertation theoretical calculations are used
mainly for diagnostic comparisons of experimental data with theoretical results,
without going into computational details. The size of the studied molecules and the
performance of the available computers do not allow to use the “state-of-the-art”
calculation levels. Thus for each case the author of the dissertation uses the theoret-
ical level, which at moderate computational cost should give reasonable results, at
least for semi-quantitative comparison with experiment. However, for some molec-
ular properties, on which experimental data is rather scarce, such as rovibrational
contributions to the ground state rotational constants (Eq. 2.47) or off-diagonal
nuclear quadrupole coupling constants (Eq. 2.38) the best possible theoretical level
is used to achieve reasonable values.

In this section a brief overview of the practical aspects of the ab initio methods
used in dissertation is presented. Short description of the computational levels
suitable for calculation of several types of basic molecular properties with references
to the “state-of-the-art” benchmarks is also given.

Calculations presented in this work were done with the use of two freely avail-
able quantum chemistry program packages: PC-GAMESS [94, 95| and CFOUR [96].
For the presently studied molecules various methods have been used which include
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electron correlation corrections to the energy, such as

e MP2 — second order Mgller-Plesset perturbation theory,

e CCSD — Coupled Cluster which includes Singles and Doubles excitations,

e CCSD(T) — Coupled Cluster which includes Singles and Doubles excitations and
also Triples calculated with perturbation theory.

The B3LYP approximation of the DFT theory has also been used.

Typical basis sets applied in the calculations were Pople’s 6-31G(d,p) basis and
Dunning’s correlation-consistent basis sets cc-pV(Z, where ¢ = D, T or Q.

Accounting for electron correlation is a prerequisite for reliable computation of
molecular properties, thus nowadays the Hartree-Fock method by itself is rather
rarely used in quantum chemical calculations. The type of the electron correlation
correction to the energy and the length of the basis set is always a compromise
between the quality of theoretical results and the cost required for calculations. The
scaling behaviour as a function of the number of basis functions N is presented in
Table 2.4. On the basis of the agreement with known experimental data a quality
ordering [97] of the ab initio methods is as follows:

Hartree Fock < MP2 < CCSD < CCSD(T).

Analysis of rotational spectra delivers precise values of basic molecular properties
discussed in the preceding sections. Results of quantum-chemical calculations per-
formed with different theoretical approaches are often subjected to comparison with
experimental values. These comparisons provide valuable information on the appro-
priate and optimal theoretical level to be used for calculation of chosen molecular
properties. The benchmarks are often made for relatively small molecules utiliz-
ing high-level theoretical methods. In order to achieve spectroscopic accuracy it is
often necessary to include several important contributions to observables, such as
vibrational (zero-point) corrections, and those resulting from breakdown of the Born-
Oppenheimer approximation. A short description of the recommended theoretical
approaches for calculation of molecular properties is presented below. References to
useful benchmarks are given. The recent review of Puzzarini et al. [98] presents a
thorough summary of the accuracy of applied methods supported by different exam-
ples and accompanied by a short theoretical introduction to rotational spectroscopy
and quantum-chemical methods.

1. Molecular geometry
The CCSD(T) is the prefered method for calculation a good quality equilib-
rium geometry, which can be compared with molecular structures determined
from rotational spectroscopy. For a sufficiently large basis set it gives results
close to the molecular structure determined from experiment, e.g. for bond
lengths the accuracy is at 0.002 A, and for bond angles at 0.1 —0.2° [99).

A very useful benchmark, concerning the accuracy of rotational constants pre-
dicted by quantum-chemical calculations is given by Puzzarini et al. [100].
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The benchmark includes molecules containing first-row elements only, all of
which have been extensively studied by rotational spectroscopy. The authors
recommend calculations at the CCSD(T) level of electron correlation. A high-
quality computed equilibrium geometry should be obtained with the use of the
extrapolation techniques to the complete basis set limit cc-pVooZ, as discussed
in [101]. For accurate prediction of the spectroscopically relevant ground state
rotational constants Ay, By, Cp it is necessary to include significant contribu-
tions to the values from experiment, such as zero-point vibrations or electronic
contributions to rotational constants. For details see the discussion in Chapter
2.8.4.

2. Dipole moment

A systematic investigation of the accuracy of the molecular dipole moment
from quantum chemical calculations has been carried out in Ref. [102]. De-
spite the fact that this benchmark is made only for small molecules it is also
useful in the choice of the efficient level of calculation for larger molecular sys-
tems. Augmented basis sets with diffuse functions are important for improving
the basis-set convergence, but the quality of the results depends more on the
correlation treatment than on the cardinal number of the Dunning’s basis set
[102]. It should be kept in mind that the dipole moment must be calculated
in the principal inertial axes in order to be compared with experiment.

3. Nuclear quadrupole splitting constants

This molecular property is defined in Eq. 2.38, and is calculated on the basis
of the theoretical electric field gradient at the selected nucleus, and the ex-
perimental value of the electric quadrupole moment () for this nucleus. For
molecules containing a *N atom a comprehensive investigation towards effi-
cient method of calculation, basis set, and scaling factor has been presented in
Ref. [103]. For halogen nuclei relativistic corrections are required in order to
obtain experimental quality nuclear quadrupole splitting constants [104]. On
the other hand the popular scaling approaches of calculated values can also
lead to predictions that are of use in experimental analysis [105].

4. Spin-rotation constants

The weak interactions between the nuclear magnetic dipole moment and the
molecular rotation give rise to additional contributions to frequencies of hy-
perfine components in rotational spectra and are described by spin-rotation
constants. The influence of the spin-rotation effect is often negligible being
close to a few kHz. It is, therefore, usually determined only from analysis of
rotational spectra measured at conditions of supersonic expansion, e.g. bromo-
form [5], or with the Lamb-dip technique, e.g. DyO [106]. Electron-correlation
effects, basis-set convergence, and vibrational corrections in determination of
accurate theoretical spin-rotation constants are discussed in [98], and in refer-
ences cited therein.

5. Harmonic Vibrational Frequencies
This calculation deals with the internuclear vibrations in the molecule at the
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level of the harmonic approximation and computes quadratic force constants
and the resulting normal mode vibrational frequencies w;. Vibrational fre-
quencies are computed by determining the second derivatives of the energy
with respect to the Cartesian nuclear coordinates or internal coordinates, such
as bond lengths, angles, and dihedral angles. The harmonic force field calcu-
lations presented in the dissertation were performed mainly with the use of
the PC-GAMESS package. Theoretical harmonic force constants can be used
by the VIBCA [17] program for calculation of further observables useful for
rotational spectroscopy such as fourth-order centrifugal distortion constants
or Coriolis coefficients.

6. Anharmonic force field

The anharmonic force field procedure has been implemented in the CFOUR
program. The cubic and quartic force constants are calculated by numerical
differentiation of quantum-chemical analytic second derivatives of the energy
along displacements in normal coordinates (Eq. 1 and 2 in Ref. [107]). For
a molecule with N atoms the differentiation procedure requires 6 N — 11 cal-
culations of analytic second derivatives, or less if symmetry properties can be
exploited. The cubic and quartic force constants are subsequently used to
calculate vibration-rotation interaction constants (Eq. 2.47) for each vibra-
tional mode. Finally, anharmonic corrections to harmonic frequencies w; are
calculated from cubic and quartic force constants and structural parameters
[107, 108] resulting in computational estimates of the fundamental vibrational
frequencies ;. This can be a very time consuming calculation, and for the
larger molecules of those presented in this dissertation, such as phenylacety-
lene, the anharmonic force field evaluation has been limited to rather rudimen-
tary level of calculation. For further details on the efficiency of the method
and of the basis sets preferred in the calculation of anharmonic force fields see
Ref. [98].



Chapter 3

Experimental Details

The wide frequency range (0.3 —3000 GHz) in which rotational spectra can be mea-
sured leads to the use in contemporary rotational spectrometers of many different
methods of signal acquisition, microwave radiation sources, detection techniques,
and techniques of signal processing.

Rotational spectra can be measured at room temperature with broadband spec-
trometers. Complementary measurements can also be made at supersonic expansion
conditions at effective temperatures of below 10 K with cavity Fourier transform,
chirped pulse or with free-jet, Stark-modulation spectrometers [109]. Different ex-
perimental conditions in which rotational spectra can be measured have a direct
influence on their appearance as well as on which molecular properties can be de-
termined from their analysis.

In rotational spectroscopy the frequency range is related to the different mea-
surement technique. The centimeter-wave region spectra (0.3 —30 GHz) are usually
measured at supersonic expansion conditions. The molecular signal is detected in
the time domain with Fourier transform spectrometers. The frequency accuracy of a
rotational transition measured in supersonic expansion is estimated to be 1 —2 kHz.
This high accuracy enables precise determination of several essential physical and
chemical molecular properties such as the dipole moment, nuclear quadrupole cou-
pling tensor, and spin-rotation coupling tensor. The low effective expansion tem-
perature also allows observation of hydrogen bonded molecular complexes such as
H50O---HCI or van der Waals adducts such as benzene—rare gas atom.

The millimeter-wave (30 — 300 GHz) and submillimeter-wave (300 — 3000 GHz)
rotational spectra are most efficiently measured in the frequency domain with broad-
band spectrometers. The expected resolution of the rotational spectrum is deter-
mined by the Doppler limited linewidths of the absorption lines but sometimes also
by the experimental technique used for detection. The frequency measurement ac-
curacy of the rotational transition is specified by a given experimental setup, but
it is usually well below 0.1 MHz. Broadband millimeter- and sub-millimeter-wave
spectra usually contain many different rotational transitions from R, () (and some-
times P) branches up to high values of J and K quantum numbers. Such transitions

45
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are in the ground and several low lying excited vibrational states. The most popular
techniques embodied in contemporary broadband spectrometers are the PLL (Phase
Locked Loop) technique in BWO based spectrometers [110], the FASSST method
[111] and Cascaded Frequency Multiplication [112].

Continuous improvements in the performance of microwave devices allowed a
significant increase in the sensitivity of contemporary spectrometers and in the
frequency accuracy of measured spectra. A good example of the recent progress
in centimeter-wave rotational spectroscopy is the broadband chirped-pulse Fourier
transform microwave spectrometer [2, 3, 4], which significantly accelerates scanning
over a wide frequency range. Additionally, successful combination of laser ablation
with Fourier transform spectroscopy [113] has opened new possibilities in rotational
spectroscopy. Laser ablation is a very efficient method of evaporating low volatility
organic molecules of biological relevance which until recently were out of reach for
rotational spectroscopy. Examples of such work are studies of natural amino acids,
e.g. L-threonine [29] or guanine [114].

In this chapter the current configurations of the two spectrometers constructed
at IFPAN in Warsaw are described. The spectrometers are the pulsed, supersonic
expansion Fourier transform microwave spectrometer (FTMW), and the broadband
millimeter wave spectrometer (MMW). These spectrometers have been used for
recording part of the spectra analysed in this dissertation. Specific experimental
conditions for measured species are described in the results chapters of this disser-
tation.

3.1 The FTMW Spectrometer at IFPAN

The first cavity FTMW spectrometer was constructed by Balle and Flygare [1], who
applied time domain microwave spectroscopy to supersonic jets created inside a con-
focal Fabry-Pérot resonator placed in a vacuum chamber. The FTMW spectrometer
at IFPAN is based on this original design but it embodies several key modifications
for ease of use and improved sensitivity.

The FTMW spectrometer at IFPAN is presented in Fig. 3.1 and its basic oper-
ational principles can be described as follows. A gas sample is introduced perpen-
dicular to the microwave resonator axis (as in the Balle-Flygare design). A short
monochromatic microwave radiation pulse excites the gas sample, and after a short
delay the molecular signal is observed in the time domain. The Fourier transform
of the molecular signal gives the rotational spectrum in the frequency domain. This
technique produced a significant improvement in frequency resolution (compara-
ble to the sub-Doppler regime at room temperature) and in sensitivity, so that it
provides insight into many hitherto unknown molecular properties discussed in the
results chapters of the dissertation. The spectrometer, unlike the Balle-Flygare de-
sign, is constructed entirely from coaxial microwave elements. A schematic diagram
and a detailed description of the first design of the FTMW spectrometer at IFPAN
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Figure 3.1: The operational principle of the pulsed supersonic expansion Fourier transform
microwave spectrometer at IFPAN. The expanding molecular sample is excited by means of a short
microwave pulse and the resulting molecular response signal is detected in the time-domain. The
illustrated signal corresponds to two hyperfine transitions of the pyruvonitrile molecule (Chapter 6).
The detected time-domain signal is averaged and subjected to a Fourier transform revealing the
positions of the two rotational lines in the frequency domain. The lines at 14169.7309 MHz and
14169.8493 MHz belong to the hyperfine structure of the 2p2¢— 101 rotational transition in the
ground state of the F species. The doubling in each line arises from the Doppler effect, and the
average splitting is around 17 kHz.

are given in Ref. [115].

The increasing use of FTMW spectrometers, which took place in the 80’s and 90’s
of the last century resulted in a number of other modifications of the original design.
A popular alternative to the original Balle-Flygare is the coaxial arrangement of the
microwave resonator and the gas expansion source as described in the COBRA-
FTMW spectrometer [116]. This design also does not use any microwave waveguide
components and has been successfully applied in many laboratories in the world.

In these measurements the investigated species are prediluted to concentrations
of 0.1 — 2% in a carrier gas (Ar or Ar+He), which is used at a total pressure of
0.5 — 3 atm. The influence of the carrier gas on the intensity of the observed
rotational transition is discussed in [77]. The gas mixture is pulsed into the resonator
through an expansion nozzle which is an electromagnetically operated valve with a
0.3 — 0.5 mm orifice. The duration of molecular pulses is usually from 0.8 to 1.5 ms,
and the repetition rates range from 1 to 5 Hz. Gaseous substances like Ny or HCI
are usually diluted in a carrier gas and stored in a metal container. The gas mixture
is transferred to the expansion nozzle through a T-type sample inlet arrangement
containing two sample tubes. These are positioned just upstream of the expansion
nozzle. In the case of liquid samples, the gas mixture is prepared by combining
two streams of the carrier gas passed over a tube with a sample and over an empty
tube. Substances with low vapour pressure such as urethane (Chapter 8.3) have
been evaporated by using heated sample tubes, and a heated sample input system
inclusive of the expansion nozzle. The temperature of the sample tubes and the
nozzle could be varied during measurements to achieve the optimum saturation of
the substance in the carrier gas.

Since the signal obtained from a single gas pulse often lies below the thermal
noise, the measurement is repeated hundreds of times. Additionally, in order to
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ensure undisturbed expansion of consecutive molecular pulses, an efficient high vac-
uum system has to be attached to the microwave resonator. The combination of a
large (3000 1/s) oil diffusion pump with a fast (100 m?®/h) rotary pump continuously
removes the introduced gas from the resonator and ensures background pressure at
the level of 10~7 hPa.

An adiabatic expansion of the gas into a vacuum causes a significant decrease
of the kinetic and rotational temperatures of the sample. The effective rotational
temperature depends on the carrier gas [77], and the expansion parameters, but is
usually close to 1 K. The high degree of rotational cooling considerably simplifies
the rotational spectrum since only the low-J rotational transitions for the ground
vibrational state are typically observed. For such low temperatures the maximum
in the rotational absorption envelope is usually well below 20 GHz. Furthermore,
due to minimized Doppler broadening effects in the pulsed supersonic expansion the
linewidth is significantly reduced when compared to the room temperature static
gas experiment.

The microwave resonator is a confocal Fabry-Pérot resonator formed by two
aluminium mirrors of 50 cm diameter with 91 cm radius of curvature and at mirror
separation of (60 — 70 cm). The mirrors are placed in a vacuum chamber of 60 cm
diameter, which is directly attached to the pump system. One of the mirrors is kept
fixed and the other is attached to a motorized translation stage, so that the distance
between the mirrors can be adjusted for each polarization frequency. The stepper
motor of the translation stage is controlled by the measuring computer program
FTMW allowing for automatic tuning and recording of frequency scans.

The microwave power is applied to the resonator by an L-shaped antenna placed
in the center of the movable mirror. The molecular signal is received by a second L-
type antenna located in the fixed mirror. In order to obtain the maximum molecular
signal the length L of the exciting and detecting antennas should be well-matched
to the current wavelength A. The antennas are easily changed and are chosen so
that their length is in the range L = \/2 — \/4.

The pulse sequence during the single measurement cycle in the FTMW spectrom-
eter at IFPAN is as follows. The molecular sample expanded into in the vacuum is
directed between the mirrors of the microwave resonator. A short monochromatic
microwave pulse of duration 1 us is then applied to the resonator. The microwave
pulse excites a range of frequencies (usually 1 MHz) around the pump frequency
which may contain one of the resonant rotational transitions in molecules in the gas
sample. Upon excitation the ensemble of molecules radiates a transient emission
at the rotational resonance frequency, which is detected. The life time of excited
states is usually short, and ranges from 50 to 150 us so that the detection time in
the FTMW spectrometer is similar. In order to avoid detection of the resonator
response just after the microwave pulse a short delay of 20 us prior to the detection
of the molecular signal is necessary. The duration of the molecular pulse is rela-
tively long in comparison to the microwave pulse and the detection time, so that
typically from 10 to 20 microwave transient signals are recorded per single molecular
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pulse. Before Fourier transformation, the transient signal is averaged over 50 — 1000
molecular pulses. The number of the averaging cycles depends on the intensity of
the measured transition as well as on other experimental conditions. The multipulse
interferogram is averaged in a digital oscilloscope and then transferred to the com-
puter only on completion of the measurement. The individual microwave segments
are then coadded, and the result subjected to the fast Fourier transform procedure
to yield the frequency domain spectrum. The principles of the pulse sequence in the
FTMW experiment are clarified in the Flash movie available at [117].

A characteristic feature of the spectrum recorded with this type of spectrometer
is a symmetric doubling of the rotational line (see Fig. 3.1). The doubling is caused
by the Doppler effect, which results from conical shape of the expanding gas in the
resonator leading to two dominant molecular ensembles with opposed translational
vectors. The position of the center of the doublet corresponds to the molecular
transition and it is invariant under changes in spectrometer operating conditions
[1]. However, the magnitude of the splitting varies with experimental conditions.

The IFPAN FTMW spectrometer operates in the frequency range 2 — 20 GHz.
Since the molecular signal is at a very high frequency it has to be downcoverted
to lower frequency, usually to the radiofrequency region before being processed by
electronic devices. In the FTMW spectrometer at IFPAN there are two possible
types of conversion of the detected signal. The first type is double conversion as
originated in the Balle-Flygare design, and the second is the more recent single
conversion. The two conversion methods are described in some detail below and the
block diagram of the signal conversion process is presented in Fig. 3.2.

Double Frequency Conversion

In the first stage of the detection process the detected signal at frequency fyw —Af
is mixed with the phase-coherent signal fyw — fir (mixer M; in Fig. 3.2). Here
fuw denotes the pump frequency, A f is the difference between the molecular signal
frequency and the pump frequency, and fip = 20 MHz is the intermediate frequency
defined by the electronics of the spectrometer. The signal out of this mixer is at
the frequency fir — Af, and it is the input to the second mixer My. The other
input to this mixer is the intermediate frequency fir. The signal out of this mixer
is at the frequency Af, and then this time-domain signal A f is recorded and aver-
aged within a digital oscilloscope. This method provides complete demixing of the
pump frequency fyw from its difference from the molecular signal Af, although
the electronics used does not allow the phase (or sign) of this difference to be deter-
mined. Thus, in order to determine the absolute frequency of the molecular signal
it is necessary to carry out two measurements at pumping frequencies fio — A
and fuo + A, where A usually ranges from 0.2 to 0.25 MHz. The accuracy of the
line center frequency, obtained with a peak finder routine from the spectrum after
Fourier transformation, is estimated to be about 1 — 2 kHz. The above description
is related to the detailed diagram of the spectrometer presented in Fig. 1 of Ref.
[115].
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Figure 3.2: Diagrams of the signal conversion in the FTMW spectrometer at IFPAN, a) double
frequency conversion, b) single frequency conversion. M1, My denote down-converting mixers, fyrw
is the microwave pump frequency, fir is the 20 MHz intermediate frequency in these configurations,
and A f is the frequency offset of the molecular response signal fi,0) from the pump frequency faw-.

Single Frequency Conversion

In the double conversion configuration only the frequency difference of the molecular
signal from the pump frequency, but not its sign, can be determined. This results in
overlapping of the negative and positive frequency sidebands and requires from the
user two individual measurements of a single line. Hardware solutions to the problem
have been known for a long time and are based on demixing of the molecular free-
induction decay to the region of some intermediate frequency fir followed directly
by digitisation. There is an associated inconvenience of a strong spurious signal at
the fir of choice and the established hardware solution involves pulse sequences with
changing phase, such as CYCLOPS [116] or PAPS [118, 119].

In the single step conversion method applied in the FTMW spectrometer at
IFPAN shown in Fig. 3.2b the fir—Af signal obtained from the M; mixer is digitized
directly by the oscilloscope without additional electronic processing. The molecular
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response signal is, in this case, obtained by a simple subtraction of the intermediate
frequency cosine wave from the acquired time domain signal by a least squares fit
of a constant amplitude signal. The intermediate signal IF is defined by

IF = Acos (fir - t + IFphase) + IFsnif, (3.1)

where A is the amplitude of the intermediate frequency, fir is the intermediate fre-
quency in MHz, ¢ is time of the emitted signal, IF a5 is the phase of the intermediate
signal, and IFg;;, denotes a possible small shift in the signal level. There are three
parameters in the fit A, IF pase, and IFgnir. The initial values of these parameters
are normally set automatically but can also be varied by the user towards better
substraction of the intermediate frequency from the molecular response signal. This
low cost software solution was found to work remarkably well. This method also
facilitates scanning of relatively wide frequency ranges, because of easy addition of
segments of the rotational spectrum into a simple synthetic spectrum. This is im-
portant in searches for rotational transitions of new molecular species, and analysis
of the complex hyperfine structure in the rotational spectrum.

The IFPAN FTMW spectrometer is also equipped with a unique Stark electrode
arrangement which enables measurement of the Stark effect (Chapter 2.4) at con-
ditions of supersonic expansion. The electrodes are placed between the mirrors of a
microwave resonator. The Stark electrode geometry has been developed in order to
ensure a uniform electric field at the relatively large electrode separation of ~ 27 cm
that is necessary in order not to perturb the microwave resonator. Detailed infor-
mation on Stark effect measurement methodology and on the experimental setup
developed at IFPAN has been given in [34, 37].

3.2 The MMW Spectrometer at IFPAN

The millimeter-wave spectrometer constructed at IFPAN is characterised by a num-
ber of features which have allowed access to the high-frequency, millimeter-wave
region for studies of the complex rotational spectra of molecules at Doppler-limited
accuracy. The spectrometer consists of the following fundamental elements: a rela-
tively intense, monochromatic radiation source (one of several Backward Wave Os-
cillators or a MW-sythesizer aided with an active multiplier), a 3 m long absorption
cell, and a sensitive detector (GaAs or InSb detectors). The early development of the
spectrometer can be traced through published papers [120, 121], however, since the
time of those reports, substantial advances in instrumental configuration have been
made. Presently, there are two available modes in which the spectrometer operates:
the basic PLL, BWO-based mode and the more recent one, embodying a cascaded
multiplication frequency system. These two techniques are briefly described below.
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The BWO-Based Mode

In this mode the spectrometer uses Istok BWOs (Backward Wave Oscillators) as
radiation sources for the millimeter- and submillimeter-wave region. A set of four
BWO tubes working in adjacent frequency ranges is used to cover the main op-
erating region of the spectrometer of from 120 to 550 GHz. BWO is a relatively
powerful source of monochromatic radiation (1—50 mW). Other very useful physical
features are high inherent frequency accuracy and very broad electronic tunability
which make it a suitable radiation source for spectroscopic applications. Since high
resolution is a prerequisite in rotational spectroscopy, BWO tubes still need some ad-
ditional frequency stabilization. In the millimeter-wave spectrometer at IFPAN the
frequency stabilization to spectroscopic accuracy is achieved by means of two phase
locked loops (PLLs), locking the source to a 3 GHz synthesizer. The technique of
phase locking is based on mixing the source radiation frequency with harmonics of
a reference frequency and monitoring of the difference signal. A detailed block dia-
gram of the Warsaw millimeter-wave spectrometer is presented in Fig. 4 of Ref. [110]
with schematic indication of the two PLLs. Signal detection is possible with the use
of several different room-temperature diode detectors, such as WR3.4 and WR5.1
zero bias detectors from Virginia Diodes for higher frequency and Germanium based
D-407 or GaAs Schottky based FARRAN SD-013 detectors at low mm-wave frequen-
cies. In order to improve the sensitivity of the spectrometer a source modulation
technique is used with suitable modulation applied in one of the phase locked loops.
Lock-in detection at the second harmonic of the modulation frequency is employed
and this leads to lines in the spectrum having a second derivative profile. A more
detailed description as well as a comprehensive comparison of the PLL with FASSST
techniques of recording rotational spectra is available in Ref. [110].

The Cascaded Multiplication Mode

Frequency up-conversion is a technique that has been used in rotational spectroscopy
since its early days. However, the use of standard frequency multipliers resulted in
the well-known problem of simultaneous observation of transitions at frequencies
corresponding to different harmonics of the pump frequency. This was initially a
desirable feature but it made studies of more complex spectra difficult. The im-
pressive progress in communication technology in the 90’s resulted in development
of much improved microwave and millimeter-wave devices, including improved fre-
quency multipliers. As described by Drouin et al. [112], the use of contemporary
multipliers and chains of multipliers can be successfully implemented in rotational
spectrometers to cover broad frequency ranges up to above 2 THz. The radiation
generated in this way has all the desired criteria for spectroscopic applications, such
as high spectral resolution, purity, large scanning range, and sufficient power.

As a first step in the implementation of the advances in millimeter-wave technol-
ogy the broadband spectrometer at IFPAN has been upgraded with a millimeter-
wave generator, detector and harmonic multipliers purchased from Virginia Diodes
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Figure 3.3: Schematic diagram of the cascaded multiplication frequency mode of the millimeter-
wave spectrometer at IFPAN. The spectrometer uses a Systron Donner microwave synthesizer as
a radiation source. The possible driving frequency input to the active amplifier multiplier chain
system (VDI-AMC-5203) ranges from 7.5 to 11.66 GHz, with power less then 8.5 dBm. The total
multiplication factor is 12 and the output frequency range is 90— 140 GHz at a power level of several
mW. Computer control of the synthesizer, and the lock-in detection is provided by a measurement
program utilizing standard GPIB protocols.

Inc. The millimeter-wave generator operates in the frequency range 90-140 GHz,
and utilizes the technique of cascaded frequency multiplication. A harmonic multi-
plication source, which generates the 12 harmonic of the driving frequency from a
microwave synthesizer allows coverage of the frequency region 90-140 GHz, which
has hitherto been difficult to access with this spectrometer. Schematic diagram of
this spectrometer configuration is presented in Fig. 3.3, and it is notable that no
PLL loops external to the synthesizer are necessary.

3.3 Computer Programs

The majority of computer programs used in the analysis of spectroscopic data in
this dissertation are collected on the PROSPE [16, 17] website. The programs range
from simple useful tools such as PLANM for planar moment calculations or QDIAG
for diagonalization of the quadrupole coupling constant tensor to more advanced,
dedicated solutions to specific problems. All programs are freely available. The
PROSPE page includes for each program a thorough description with examples of
input and output data, a precompiled executable, and in most cases also the source
code. In this section a more detailed discussion is given of the AABS package written
by Kisiel and Pickett’s SPFIT/SPCAT programs. These two program packages were
the basic tools used in analyses of all rotational spectra, which are the subject of
the dissertation.
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Figure 3.4: A greyscale approximation of the main display of the AABS scheme consisting
of the spectral display window (program SVIEW_L) and of the predictions window (program
ASCP_L). The two programs can be used separately, but in the AABS scheme their frequency
axes are synchronized. The environment provides efficient facilities for reduction of broadband
spectra resulting from transitions in multiple vibrational, isotopic or molecular species. Adapted
from Ref. [127].

The AABS Package

The package called AABS, which is an abbreviation from “Assignment and Analysis
of Broadband Spectra” is based on a pair of two computer programs, ASCP - a
graphical program to display spectral predictions from ASROT [17] and from Pick-
ett’s program SPCAT, and SVIEW - a viewer for frequency domain spectra. These
programs have been used extensively in the IFPAN laboratory and new versions
called ASCP_L and SVIEW_L have been developed to deal with broadband spec-
tra. In the AABS package these two programs have been synchronized in order to
simultaneously display a measured spectrum in one window, and the current predic-
tions in a second window. It is possible to display at the same time predictions for
the various spectroscopic species, which are observed in a given spectrum. Synchro-
nized control of the frequency axes of predictions and of the spectrum is provided,
and standard zooming, scrolling and many other display modification commands
are programmed in the package.

One of the most important features of the package is a special highlighting option
of a predicted transition sequence of interest, by 'cloning’ the current line. Frequency
regions around successive transitions in this sequence can then be easily inspected
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in turn, and if there are suitable lines in the spectrum those can be measured.
The entry for the measured rotational line consisting of quantum numbers from
prediction, the measured frequency and measurement error is automatically added
to a specified datafile for one of several fitting programs. The next step is to fit
spectroscopic constants and to make a new prediction from improved constants.
The user can visually verify the compatibility of lines added to the fit by a simple
refresh option of the prediction window. Subsequently, other sequences of lines that
do not deviate too much from prediction can be easily added to the fitting data
file. The whole procedure is performed until all measured transitions for a given
spectroscopic species are included in the fit. This graphical process significantly
facilitates and accelerates spectral assignment.

An alternative mode of operation is to draw a Loomis-Wood (LW) type plot of
strips of the experimental spectrum centred on the frequencies of successive high-
lighted lines. This option is especially valuable in the earlier stages of assignment.
Measurements and addition of data to the fitting file can be made in a very economic
way in both the main display mode and in the LW mode. Examples of LW plots are
presented in the results chapters of this dissertation, such as Fig. 5.3 and in Fig.
6.6.

The AABS package has been used in studies of many complex spectra, most
recently those of acrylonitrile [23], bromoform [5], S(CN)y [42], pyruvic acid [57],
and CIONO. [122, 123, 124]. This package is also successfully used for spectral
assignment in other laboratories in the world, such as in the University of Bologna
in Italy [125], or in the University of North Texas in the USA [126].

More detailed information on the AABS package is available in [127], and on the
PROSPE website [17].

The SPFIT/SPCAT Package

The SPFIT/SPCAT program package has been written by H. M. Pickett [24, 25] of
Jet Propulsion Laboratory. SPFIT is used for fitting the values of constants in a
selected Hamiltonian to frequencies of measured transitions, and SPCAT calculates
energies and intensities for different transitions. The extensive use of this package
by the spectroscopic community results from the extended possibilities for defini-
tion of the molecular Hamiltonian required for a particular problem. The package
allows declaration of spectroscopic parameters for all types of rotors. The fitted
parameters can be rotational constants, centrifugal distortion constants in different
reductions and representations of the rotational Hamiltonian, nuclear quadrupole
coupling constants, spin-spin, and spin-rotation constants. It is also possible to fit
linear combinations of these constants. Coriolis and Fermi coupling parameters be-
tween different vibrational levels and energy differences between such levels can also
be simultaneously fitted. The fitting program produces an input file with improved
spectroscopic constants for use by the predictive program. Spectra calculated with
SPCAT can be displayed by the ASCP_L program. Some of the details of the
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SPFIT/SPCAT package are described in [24], and it is freely available from [25].

A family of several postprocessing programs to deal with output and data associ-
ated with Pickett’s SPFIT/SPCAT, written by Kisiel are available on the PROSPE
website [17]. Program PIFORM is used to reformat the .fit output from SPFIT
into a form closer to the requirements for publishing. Program PISLIN can per-
form two different types of operations on .lin files used by SPFIT: checking for line
duplication, and sorting of the .lin file according to desired criteria.

The file Crib — sheet [128], which is a quick-reference guide to SPFIT/SPCAT
arising from experience gained on using these programs in the IFPAN laboratory is
also available on the PROSPE website.



Chapter 4

Cyanamide

4.1 Introduction

Cyanamide, Ho,NCN, is a nitrile substituted derivative of ammonia. Like the am-
monia molecule NHs, it has been a prototype system for the study of the inversion
motion at the nitrogen atom, in this case in the framework of a highly prolate
asymmetric top. Cyanamide is an astrophysically relevant molecule, with the first
reported detection in Sgr B2 dating back to more than 35 years ago [129]. This
molecule has not yet been subjected to a systematic astrophysical investigation,
however predicted lines of cyanamide are regularly noted in astrophysical surveys.
According to the NIST database [130] there are 29 detected rotational transitions
that are consistent with frequencies of transitions of cyanamide. Most of those lines
have been detected in Sgr B2 [131, 132]. Several lines have also been observed in the
massive young star forming region Orion Molecular Cloud 1 [133] and in the IRc2
region of Orion [134]. Many discussions have been devoted to the role of cyanamide
and its lowest energy tautomeric form - carbodiimide HNCNH in chemical evolu-
tion [135]-[139]. The formation of cyanamide in the interstellar medium (ISM) is
postulated to be possible under the “primitive Earth conditions” (e.g., ultraviolet
irradiation of HCN solutions, ionizing irradiation of CH4;-NH3-HyO mixtures) that
are known to form biologically relevant compounds [135]. Its origin in the ISM
has also been postulated as due to the ultraviolet photolysis of hexamethylenete-
tramine (if present in ISM) trapped in water ice [138]. Hexamethylenetetramine
is the heterocyclic organic compound easily formed by the reaction of two known
astrophysical species, formaldehyde and ammonia. Recent matrix isolation study
[139] showed that carbodiimide can be formed from cyanamide at similar conditions
to those present in the interstellar clouds. In the gas phase carbodiimide is in equi-
librium with cyanamide with abundance ratio of 1:115(14) at 380 K [140]. Thus, it
seems possible that this tautomeric form of cyanamide might also be a significant
component of interstellar gas in those sources where cyanamide was found [141].

57
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Figure 4.1: The orientation of the cyanamide molecule in the principal inertial axes. The molecule
has been rotated around the ¢ axis to show the two symmetry equivalent hydrogen atoms, which
in the ac projection would be overlapped. The inversion angle ¢ has been marked.

The rotational spectrum of cyanamide has been studied on numerous occasions
[142]-[151], as was its rotationally resolved infrared spectrum [152]-[155]. The rota-
tional constants of cyanamide are rather high (A 2 10 ecm ™" for H,NCN) so that the
first studies of its rotational spectrum were limited to the lowest-J rotational transi-
tions in the cm-wave region [142]-[145]. Extension of these studies to the mm-wave
region was made in [146]-[150], although the most extensive set of spectroscopic
constants for the parent H,NCN species has been determined in the study of its
far infrared spectrum [154]. In the most recent paper concerning cyanamide [155],
the authors presented an analysis of the FTIR spectrum of cyanamide between 25
and 980 cm~!. That work extends the quantum number coverage up to K, = 11
in the first excited inversion state (17 and 1~ substates). Nonetheless, the reported
analysis is purely effective since each sequence of rotational transitions is fitted sep-
arately using an appropriate power series expansion, and can not be subjected to a
straightforward comparison with the results presented in this dissertation and with
other works. Moreover, the available information on the deuterated isotopologues

of cyanamide is limited to transitions measured at frequencies of less, or much less,
than 60 GHz.

In the present work a comprehensive millimeter-wave and far infrared study of the
deuterated species is presented. The analysis is based on a 118 —650 GHz spectrum of
D,NCN and HDNCN recorded with microwave techniques, and an 8—360 cm ™! spec-
trum of DoNCN recorded with the Bruker IFS 120HR interferometer at resolution of
0.0018 cm™!. These spectra have been measured in the investigation of the carbodi-
imide molecule [153]. The millimeter and submillimeter-wave spectra have turned
out to be endowed with a sufficiently high signal-to-noise ratio to allow assignment
of five new isotopic species in natural abundance: DoN'¥CN, HDN'CN, HD*NCN,
HDNC™N, and HoN'CN. Another new species was assigned in the spectrum of
an enriched Hy? NC¥N sample. Some rotational transitions were measured with
the use of enriched sample of HN'CN. The data for four other species, DI’NCN,
D,NC'N, HI*NCN, and HyNC'N have been considerably extended in comparison
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to previous reports.

The inversion barrier in cyanamide is considerably lower than in ammonia so
that the splitting between the two lowest 07 and 0~ inversion substates in HoONCN
is much higher, at 49.567772(5) cm™! [154] when compared with 0.7934084(24) cm ™!
[48] in ammonia. The rotational constants of cyanamide are still sufficiently large
to lead to strong perturbations between 0" and 0~ states so that the coupled state
analysis is mandatory for studies beyond the lowest values of rotational quantum
numbers. These problems become more acute on deuteration of cyanamide since
the inversion splitting drops considerably. In this work the measured transition
frequencies were fitted to within experimental accuracy with a unified scheme for
fitting the inversion doublet transitions for all 13 isotopic species of cyanamide. Pre-
cise energy separation between the 07 and 0~ levels obtained from coupled state fits
extended the knowledge on the inversion potential of this molecule. The newly de-
termined precise values of rotational constants for all of the studied isotopic species
of cyanamide have been combined with results of ab initio anharmonic force field
calculations in a determination of a new molecular geometry of this molecule. The
present work also provides sufficiently precise laboratory information for a radioas-
tronomical search of deuterated species of cyanamide and for a determination of the
H/D ratio in interstellar gaseous sources.

4.2 Experimental Details

The spectra used in this work were recorded by Wolfgang Jabs of Giessen University.
Three different commercially available samples of cyanamide were used: the parent
species and isotopically enriched HoN'¥CN and Hy>NCN at a cited enrichment of
99% [153, 156]. DoNCN was prepared by repeated deuteration of HyNCN with D,O
according to a recipe given in [157], although millimeter-wave spectroscopy revealed
that it was incompletely deuterated, and contained DoNCN, HDNCN, and Ho,NCN
in approximate ratios of 1:1:0.15, respectively. This, in fact, turned out to be an
advantage for the purpose of the present study, especially for the structure determi-
nation, since most of the isotopic species of interest could be measured from a single
spectrum. For the far infrared measurements a sample of completely deuterated
cyanamide DoNCN was used.

The millimeter-wave rotational spectra were recorded on two different spec-
trometers as described in detail in [153, 156]. One of the spectrometers was the
BWO-based spectrometer developed by the Analytic & Mefltechnik GmbH of Chem-
nitz and operated in the Giessen laboratory [158]. The second spectrometer was
the Cologne millimetre/submillimetre wave/terahertz spectrometer, also based on
BWOQO'’s, but operating up to much higher frequencies. The most extensive recorded
spectrum was that of the nominally DosNCN sample, and it consisted of three seg-
ments: 118-179 GHz, 202-221.4 GHz, and 570.85-649.65 GHz. In addition, a spec-
trum of the HoN'3CN sample was recorded at 118-171.5 GHz, and that of Hy'>NC°N
at 119.6-172.0 GHz. All of the spectra were recorded at room temperature under a
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Figure 4.2: Comparison of the resolution of the microwave and the interferometer based spec-
trometers used in this work as illustrated on the R branch of the rotational spectrum of DoNCN.
The lower trace is the spectrum obtained with the broadband millimeter wave spectrometer in
Cologne, and the upper trace is the absorption spectrum measured using the FTIR Bruker spec-
trometer at 0.0018 cm ™! resolution.

continuous flow and sample pressure of cyanamide of around 15 mTorr. The esti-
mated frequency accuracy of these measurements was 0.05 MHz. The far infrared
pure rotational and rotation-inversion spectrum has been measured at a resolution of
0.0018 cm™! [153] with a Bruker IFS 120 HR Fourier Transform (FT) spectrometer in
the 8-360 cm ! region. The sensitivity and the resolution of this spectrometer is very
high for FTIR techniques but is still substantially lower than those characterising
the millimeter-wave spectrometers, as illustrated in Fig. 4.2. Nonetheless, the FIR
spectrum gives access to frequencies not covered by millimeter /submillimeter-wave
spectrometers. The FTIR spectrum of DoNCN contains many rotation-inversion
transitions between 07 and 0~ states mainly in the form of dense Q) branches of
lines, which complement the information available from the mm- and submm-wave
spectra.

The mm- and submm-wave rotational spectra of the DoNCN sample were com-
bined into a single spectrum and subjected to analysis with the use of the AABS
package already described in Chapter 3.3. The package provides a synchronised
display of the spectrum and of merged predictions for all spectroscopic species of
interest in a given problem. The AABS package was also used for line assignments
from the FTIR spectrum. All fits and predictions were carried out by using the
SPFIT/SPCAT package of Pickett [24, 25].
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Figure 4.3: The temperature dependence of the ground state inversion spectrum of DoNCN
cyanamide. The a-type transitions in the 0% and 0~ states (darker) are stronger in intensity at
lower frequencies than the c-type 07 <> 0~ interstate transitions (lighter). Dipole moments from
Read et al. [150] were used to calculate the intensities. The regions of the spectrum measured with
mm- and submm-wave spectrometers are marked by red lines at the top of the diagram, and the
frequency range recorded with the Bruker spectrometer by the blue line.

4.3 Spectral Assignment

4.3.1 Rotation and Rotation-Inversion Spectrum

The ground state rotational spectrum of cyanamide is typical of a near prolate rotor
(k < —0.99) with the presence of a doublet of 07, and 0~ substates arising from the
inversion motion of the HoN— group in the molecule. The spectrum of cyanamide
consists of two types of transitions. The large a component of the dipole moment
te = 4.319(4) D gives rise to pure rotational transitions and a smaller interstate
dipole moment (0*|u.[07) = —0.956(13) D [150] makes observation of rotation-
inversion transitions possible. The intensity envelope of the rotational spectrum at
laboratory and astrophysically relevant temperatures is shown in Fig. 4.3, and it can
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Figure 4.4: The J = 9 < 8 rotational transition of DoNC!N and DoN'3CN observed in natural
abundance of ®N and '3C in a sample of enriched DoNCN. There is ample signal to noise available
in this spectrum and challenges to assignment are mainly posed by overlaps of transition patterns
for different isotopic and vibrational species. The values of K, are marked and the associated
transition intensities are subject to 2:1 nuclear spin statistical weights, which reverse between the
0T and 0~ substates.

be seen that at high frequencies the rotation-inversion transitions due to the smaller
interstate p. dipole moment component are more relevant than the pure rotation
a-type ones. The nearly prolate nature of cyanamide causes the K, = 1 transitions
to be far removed from the pattern arising from transitions for remaining values of
K,, making the K, = 1’s somewhat easier to assign. In addition, K, doubling is
observed only for low K, values, mostly up to K, = 3, and for low values of J as
characteristic, equal intensity doublets separated by several MHz.

Due to the presence of two 4N nuclei in cyanamide which have nuclear spin I = 1
a partially resolved hyperfine structure was observed for some inversion-rotation
transitions in the mm-wave spectrum. The quadrupole splitting has the form of
quartets or doublets. For quartets the frequency was taken as a simple average over
two strongest hyperfine components. In the case of doublets the intensity weighted
average of two components was taken as the central frequency for the fit.

Figure 4.4 illustrates some of the issues affecting the assignment of the rotational
transitions in the millimeter-wave spectrum of deuterated cyanamide in rare isotopic
species resulting from the natural abundances of carbon and nitrogen. It is seen
that the signal-to-noise does not pose any problems for measurement even of the
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Table 4.1: Nuclear spin statistical weights for rotational levels in cyanamide.

ot 0~
K, = even K, = odd K, = even K, = odd
H>oNCN 1 3 3 1
DsNCN 2 1 1 2

15N species at the 0.37% nominal natural abundance of this nucleus. Overlaps
between transition patterns of various isotopic species and excited vibrational states
are a more serious difficulty. It can be seen that while the pattern for DoNC'N is
subject to relatively few interlopers, the central part of the pattern for DoN'3CN is
heavily overlapped with much stronger lines which belong to DoNCN. This is the
consequence of the small principal a-coordinate of the carbon atom, so that there are
relatively small isotopic changes in rotational constants on *C substitution. Even
in the DoNC'N spectrum in Fig. 4.4 the K, = 1 transition in the 0% substate at
157650 MHz is close to being blended with a triplet of lines just to low frequency,
that is now known to belong to Dy NCN. The use of the graphical Loomis-Wood
type techniques turned out to be instrumental in taking apart this spectrum. The
lines were measured only if the Loomis-Wood display for a given transition sequence
showed a clear series of lines at similar intensity.

4.3.2 Statistical Weights

The most distinctive, and also very helpful feature in analysis of the spectra is
the presence of the differing nuclear spin statistical weights for rotational levels.
These statistical weights arise from the presence of a pair of symmetry equivalent
hydrogen atoms in cyanamide, and lead to intensity alternation of the line pattern.
The underlying cause of the effect is the need to preserve the symmetry of the total
wave function of the molecule. For nuclei with a spin of zero or an integer (Bose
particles, e.g. deuterium atoms), the overall function needs to be symmetric, and
for nuclei with half-integer spin (Fermi particles, e.g. hydrogen atoms) the overall
function has to be antisymmetric with regard to the operation that exchanges the
identical particles. In the Born-Oppenheimer approximation the symmetry of the
complete wave function in the electronic ground state is the product of the symmetry
of the vibrational, rotational, and nuclear spin wave functions. The vibrational wave
function is symmetric for 07 substate and antisymmetric for 0~. The rotational wave
function is symmetric for even values of the K, quantum number, and antisymmetric
for odd values of K,. The statistical weight for energy levels described by the
symmetric nuclear spin wave function is given by

1
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and for those described by the antisymmetric spin wave function by

-4 o]

where [ is the nuclear spin and n is the number of equivalent pairs of hydrogen
atoms. For HyNCN which has a single pair of equivalent hydrogens we have n = 1
and [ = % and the statistical weight ratio ¢°/¢* is 3/1. For DoNCN with a pair
of deuterium atoms (I = 1) the ratio ¢g°/g* is 2/1. As a result, for the same even
value of the K, quantum number the intensity ratio between 0" and 0~ levels for
HoNCN s 1:3, and for DoNCN 2:1, and for a given odd value of K, the intensity
ratio between 0" and 0~ levels is 3:1 for H,NCN, and 1:2 for DsNCN. For DoNCN
this is most clearly seen for K, = 1 transitions as shown in Fig. 4.4. All possible
combinations of the symmetry of vibrational, rotational wave functions, and the
statistical weights for HoNCN and DoNCN are given in Table. 4.1. There is, of
course, a lack of such weights for the HDNCN species.

4.3.3 Hamiltonian

The measured transition frequencies for the 0™ and 0~ inversion substates were fitted
simultaneously in a two-state coupled fit based on Pickett’s Reduced Axis Hamilto-
nian (see discussion in Chapter 2.7.1), analogously to [150]. The Hamiltonian is in
2x2 block-diagonal form
HO) (0.07)
H = , (4.3)
O HO) wAE

rot

containing on the diagonal the ’Hﬁg: ) and ’Hﬁg; ) single-state Watson’s reduced asym-

metric rotor terms in representation 1" [21] augmented by the vibrational energy
difference AE = E(07) — E(0"). The off-diagonal interstate coupling term 00T
is equivalent to a second order Coriolis coupling term defined by Eq. 2.56. Since
inversion in cyanamide takes place through a motion about the b-principal axis (see
Fig. 4.1) this term has the form

HOO) = (B 4+ FLJ2 4+ FEJ ) (Jade + ). (4.4)

The F and FX terms in the empirical centrifugal distortion expansion of the Fj,
coupling constant were found to be necessary for fitting the large data sets obtained
for Do,NCN, HyNCN, and HDNCN. In the HDNCN isotopologue and its substituents
the inversion axis is rotated slightly in the ab-principal plane so that the term in
Eq. 4.4 needs to be complemented by an analogous, smaller magnitude term in Fj,.
so that

HOO) (Bt FLP2 4 FEL .V (Jude + L)
A ). (4.5)
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Figure 4.5: Tllustration of some of the many possible level-crossing type perturbations taking
place between rotational levels of 07 (blue) and 0~ (red) substates in DoNCN. The plot is of the
energy of the rotational levels in cm™! scaled by J” + 1. Scaling of the term values ensures a near
horizontal baseline for these plots, and the linear-top limit (B + C) is plotted by grey dotted lines
for guidance. The rotational levels for a given value of K, and K, + K. = J are denoted by —
in the superscript, and those for K, + K. = J + 1 by +. The unperturbed rotational levels with
similar K, values are plotted for comparison. The circles mark assigned lines and the continuous
lines are for frequencies calculated from the final fit.

Specific perturbations between 07, and 0~ states appear at low values of K, as
illustrated in Fig. 4.5 and are fitted to experimental accuracy with the use of this
model. Such perturbations are manifested in many inversion-rotation Q)-type tran-
sitions observed in the IR spectrum of DoNCN, and were also reported for HoNCN
[140]. In order to maintain a unified scheme of the derived spectroscopic constants
for all known isotopologues of cyanamide, the above theoretical model has also been
applied to the mm-wave and IR ground state data for the parent species HoNCN
from Ref. [140]. The scheme is more reasonable than in [140] which is also difficult
to reproduce due to several misprints in Table I of Ref. [140]. Additionally, more
than 100 new rotational transitions for HoNCN have been measured from the cur-
rent spectra and included in the data set. Since cyanamide is a prolate molecule
the S-reduction of the asymmetric rotor Hamiltonian would normally be used as the
method of choice. Nonetheless, in this case the A-reduction was used because it of-
fered greater numerical stability and somewhat smaller residuals. Similar behaviour
has been found for acrylonitrile (see Chapter 5, and Ref. [23]).
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It was found that inclusion of the higher order constants reduces residuals for the
highest K, transitions, however these parameters gave little to understanding of the
physics of the inversion motion. In order to fit transitions within the experimental
accuracy the value of the K, had to be limited to 6, 10 and 15 for HoNCN, HDNCN,
and DoNCN, respectively. The discrepancies between observed and calculated high
K, transitions can be rationalised when the possible interactions of the ground
vibrational state levels (07, 07) with the lowest lying excited vibrational levels
are also taken into account. Usually, the low-lying vibrationally excited states are
treated as isolated from the ground state levels. For cyanamide the large value of
the A rotational constant of close to 10 cm™! allows interactions between levels with
high values of K, for the ground state and those of the excited states (e.g. the
NCN out-of-plane skeletal bending mode vy = 430 cm™!, and the NCN in-plane
mode v = 532 cm™! for H,NCN [159]). The interaction pattern is additionally
complicated by (07, 07) inversion splitting in each vibrational satellite, and the
presence of the first excited inversion doublet (17, 17). Several attempts to assign
and achieve effective fits for vibrational satellites in the vg = 1, vg = 1 and the first
excited inversion state were made. Unfortunately, the two state model turned out to
fail for each case. Additional evidence for the presence of such interactions follows
from the fact that the A rotational constant for DoNCN is smaller by a factor of 2
than that for HoNCN, and the perturbations for DsNCN are manifested at higher
K, than for HoNCN. The results of fits for the parent and for the deuterated species
are listed in Table. 4.2.

For rare isotopologues measured in their natural abundance from the mm/submm-
wave spectra the measured lines were limited only to a-type transitions. Although
these transitions are ideal for precise determination of B and C' constants, the A
constant is rather difficult to fit. For two species: HI’NCN, HoNC'®N, for which the
numbers of measured transitions were the lowest, the A constants had to be fixed
at the values for the parent species. The smaller data sets for all rare isotopologues
also could not allow determination of sixth- and eighth-order centrifugal distortion
constants, so that their values were fixed at the corresponding values for the parent
species. For three of the previously assigned isotopic species: Dy>NCN, DoNC»N
[145], and HoNC'N [149], it was found that one of the J = 2 < 1 transitions ap-
peared to be misassigned; it deviated from the final fit by a frequency difference of
from 2.5 to 11 MHz. In all cases this concerned the 2{; < 24 transition in either the
0" or the 0~ state. This is not that surprising since such transitions are positioned
at the high frequency end of the pattern for a given J + 1 <— J transition and are
thus subject to overlap with transitions of lighter isotopic species. The results of
fits for ten different isotopologues of cyanamide are collected in Tables 4.3-4.5. The
assignment of the various isotopic species and the validity of the performed fits are
confirmed by the relative invariance of the spectroscopic constants for the series of
isotopologues in each table.



Table 4.2: Spectroscopic constants determined from the global fit of the 0" and the 0~
cyanamide and its deuterated isotopologues.

inversion states for

H2NCN

HDNCN

D2NCN

o+

0

ot

0

ot

0

A /MHz
B /MHz
C /MHz
Ay /kHz
Ajgi /kHz
Ag /kHz
oy /kHz
O /kHz
D /Hz
DK /Hz
Dy /Hz
Dy /Hz
bIK /Hz
bx /Hz
Lgy /mHz
Lxky /mHz
Lk /mHz
AE /MHz
AE Jem ™1
Feq /MHz
FJ /MHz
FE /MHz
FJJ /kHz
FJK /kHz,
KK /kHz
FEKK /kHz,
Fe /MHz
F /MHz
FK /MHz
Jmax» Kmax
Ow
Nlincs

312141.992(69)2
10130.35604(35)
9865.32454(35)

3.80627(26)
395.665(60)
44150.9(45)
0.140754(33)
299.562(57)

—0.001079(99)
1.681(19)
—339.7(38)
18616.(98)

13.73(64)
—4071.(72)

304453.63(10)
10113.07668(30)
9866.23663(30)

3.82216(24)
359.408(77)
27930.6(83)
0.119763(38)
211.569(85)

—0.00071(10)
1.027(27)
—191.4(41)
4273.(174)

12.08(63)
—3241.(87)

1486004.36(18)
49.5677700(60)

346.870(33)
0.001397(12)

—1.5150(55)
0.00000001177(61)

—0.0000559(21)

70, 6
1.573
2436 (377, 2059)°

214257.080(35)
9605.4591(39)
9256.4123(39)

3.4522(11)
256.947(63)
23996.2(91)
0.15697(15)
247.8(19)

0.00100(41)
1.418(36)
—139.9(12)
[10436.]°

6.33(37)
—679.(12)

962009.2

210531.83(14)
9597.89063(76)
9263.28752(72)

3.4652(10)
255.305(90)
17090.(14)
0.15142(10)
173.59(22)

0.00099(38)
1.645(68)
78.9(28)
[2426.]

2.70(41)
—1423.9(63)

10(94)

32.0891732(31)

281.972(44)
0.0007325(42)
—1.7945(95)

9.32(38)

8.1

34(87)

—0.0000688(41)
—0.309(34)

47,1

0

1.316

334

157660.4088(55)
9156.53450(39)
8742.99646(36)

3.09286(19)
218.486(10)
9114.06(30)
0.120643(52)
202.80(11)

0.001222(46)

3.477(21)
—69.27(24)
2256.3(33)

1.574(38)
1067.(10)

—130.9(14)
—337.(10)

156091.326(12)
9153.40678(52)
8751.59313(61)

3.08250(20)
221.634(20)
6932.06(40)
0.12917(12)
159.58(26)

0.000646(86)

1.866(56)
—4.11(77)
578.8(40)

1.02(11)
243.(31)

—278.2(27)
362.(11)

494551.996(25)

®The quantities in round parentheses are standard errors in units of the least significant digit of the value of the constant.
bValues in square brackets have been assumed to be equal to the average of those in HoNCN and in DoNCN .
¢First number refers to mm-wave, and the second to ir data.

16.49647891(83)

267.5995(18)
[0]

—0.97587(71)
[0]

0.00000188(32)
0.001675(74)
0.00001158(25)

83, 15

1.189

3096 (480,2616)

HAINVNVAD v H4LdVHD
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Table 4.3: Spectroscopic constants determined from the global fit of the 0™ and the 0~ inversion states for the rare isotopologues

of cyanamide derived from DyNCN.

D,N3CN DNCN D,NC!*N

0+ 0~ 0+ 0~ ot 0~
A /MHz  157657.1(12)° 156084.8(15) 157321.3(13) 155770.3(19) 157651.8(19) 156081.3(22)
B /MHz  9148.6717(22) 9145.5492(23) 8956.3001(23) 8952.6629(22) 8857.6043(27) 8854.7416(29)
C /MHz  8735.7935(21) 8744.3841(23) 8561.3958(21) 8568.9008(23) 8470.0250(27) 8478.1575(30)
Ay /kHz 3.09299(37) 3.08301(40) 2.96066(34) 2.95173(39) 2.87690(47) 2.86971(63)
Ask /kHz 216.849(45) 220.206(42) 214.088(41) 216.382(41) 206.795(41) 210.088(66)
Ak /kHz (91140 (6932.] [9114.] (6932.] [9114.] [6932.]
5 /kHz 0.12053(41) 0.12903(46) 0.11954(41) 0.12391(43) 0.10911(47) 0.11633(52)
Sk /kHz 202.43(44) 160.08(46) 198.93(37) 155.12(44) 192.11(64) 152.86(69)
dx /Hz 3.463(16) 1.855(14) 3.277(12) 1.712(13) 3.248(12) 1.734(17)
Dy /Hz —77.36(68) —7.74(59) —64.30(65) 1.81(61) —68.52(47) —2.1(10)
AE /MHz 495213.1(54) 475573.6(65) 494225.5(82)
AE Jem™! 16.51853(18) 15.86343(22) 16.48559(27)
F.q /MHz 267.077(14) 268.635(18) 259.977(23)
Jmaxa Kmax 36, 7 377 7 38, 8
Ow 0.970 1.003 1.206
Niines 171 192 165

“The quantities in round parentheses are standard errors in units of the least significant digit of the value of the constant.
®Values in square brackets have been assumed to be equal to those in DoNCN, see text.
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Table 4.4: Spectroscopic constants determined from the global fit of the 0T and the 0~ inversion states for the rare isotopologues

of cyanamide derived from HDNCN.

HDN!CN HD*NCN HDNCN

0+ 0~ 0+ 0~ o+ 0~
A /MHz  214229.6(32) 210509.8(39) 213632.0(48) 209905.8(57) 214219.9(41) 210487.9(54)
B /MHz  9599.4434(33) 9591.8702(29) 9372.3483(48) 9364.1345(40) 9293.7135(43) 9286.6139(39)
c /MHz  9250.7649(31) 9257.6217(28) 9039.8135(45) 9045.3617(41) 8966.4646(40) 8972.9204(39)
Ay /kHz 3.45128(59) 3.46486(52) 3.29666(81) 3.30801(68) 3.21324(63) 3.22637(63)
Ak /kHz 254.956(54) 253.650(54) 254.946(81) 251.616(75) 242.659(68) 241.526(63)
Ax /kHz  [23996.) [17142.] [23996.] [17090.] 23996 ] [17090.]
5 /kHz 0.15793(48) 0.15199(48) 0.15042(61) 0.14335(66) 0.14160(63) 0.13689(63)
Sk /kHz 246.3(12) 173.88(96) 240.9(18) 166.6(13) 238.1(15) 165.5(12)
dx /Hz 1.427(23) 1.590(22) 1.294(32) 1.520(29) 1.276(27) 1.525(27)
Dy /Hz —153.16(81) 73.38(71) —122.3(11) 90.8(12) —133.2(10) 80.12(91)
AE /MHz 962847.(32) 938762.(51) 961809.(40)
AE Jem™1 32.1171(11) 31.3137(17) 32.0825(13)
Flq /MHz 281.504(19) 280.234(44) 273.841(38)
FJ /MHz [0.0007325] 0.000835(17) 0.000676(14)
Fhe /MHz 8.1078(48) 7.9510(51) 7.6818(57)
Jmaxs Kmax 34,7 35,7 35,7
Ow 0.887 1.195 0.999
Mines 135 133 122

“Values in square brackets have been assumed to be equal to those in HDNCN, see text.
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Table 4.5: Spectroscopic constants determined from the global fit of the 07 and the 0~ inversion states for the rare
isotopologues of cyanamide derived from HoNCN.

HpN'3CN HISNCN HaNCYN Hz°NCI°N

ot 0~ ot 0~ ot 0~ ot 0~
A /MHz  312098.(20) 304496.(16) [312142.]¢ (304454.) (312142 (304454 ] 311855.(577) 305096.(684)
B /MHz 10126.2428(68) 10108.9156(69) 9854.4593(33) 9836.7827(42) 9803.2495(69) 9786.8732(78) 9531.6401(40) 9514.8899(42)
C /MHz 9861.3964(62) 9862.2956(67) 9603.8794(33) 9603.4803(36) 9554.7270(57) 9555.4432(66) 9296.8985(39) 9296.3497(40)
Ay /kHz 3.80725(85) 3.82192(78) 3.651(20) 3.662(23) 3.523(31) 3.570(26) 3.407(21) 3.420(21)
Ajk /kHz 393.96(20) 357.97(11) 386.235(95) 348.73(14) 375.05(13) 340.81(22) 367.02(54) 329.77(51)
Ak /kHz [44151.] [27931.] [44151.] [27931.] [44151.] [27931.] [44151.] [27931.]
5y /kHz 0.14048(84) 0.12001(93) [0.140754] [0.119763) [0.140754] [0.119763) [0.14075] [0.11976]
1% /kHz 300.6(29) 201.1(29) [299.562] [211.569] [299.562] [211.569] [299.56] [211.57]
Py /Hz 1.706(58) 1.121(40) [1.681] [1.027] [1.681] [1.027] [1.681] [1.027]
DKy /Hz —372.3(61) —228.7(21) [—339.7] [—191.4] [—339.7] [—191.4] —304.3(54) —186.0(54)
AE /MHz 1486407.(183) 1462496.(78) 1486032.(124) 1457785.(5235)
AE Jem™? 49.581(6) 48.784(3) 49.569(4) 48.63(17)
Fea /MHz 346.441(42) 343.24(16) 336.18(38) 331.8(10)
Jmax, Kmax 32, 6 9, 5 9, 5 9, 7
Ow 0.974 0.644 0.788 0.829
Mines 102 42 34 57

*Values in square brackets have been assumed to be equal to those in HoNCN, see text.
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Figure 4.6: The potential function for the inversion motion and the positions of the inversion
energy levels for three isotopologues of cyanamide: HoONCN, HDNCN, and Do NCN. The experimen-
tally determined energy splittings have been marked by continous lines and energies only known
from calculation have been marked by dotted lines. The experimental value of the energy splitting
between 07 and 0~ levels determined in this work has been indicated for each isotopologue.

4.4 Potential Function

The double minimum inversion potential responsible for inversion-rotation spectra
is often approximated by means of the reduced quartic-quadratic potential function
V(z) = A(z* + B2?), which is described in Chapter 2.7.1. For cyanamide the
parameters A = 113.57 cm™! and B = —4.0634 in this potential were chosen to
reproduce the relative energies of the 07, 07, 11 and 1~ levels for H,NCN determined
in [155]. The height of the central barrier for this potential is given by the relation
AB?/4 and equals 468.7 cm~!. In general, this potential should remain invariant on
isotopic substitution, but the inversion splittings and energy level spacings should
be reduced with an increase in the mass of the inverting atoms. This has been
confirmed for cyanamide by the experimental values of AE' = E(07) — E(07) and is
illustrated on Fig. 4.6. Conversion to the reduced potential for a different isotopic
species was carried out by employing the reduced mass p for the inversion motion
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Figure 4.7:  Comparison of the 0%, 0~ inversion splittings determined from the coupled fits
for the various isotopic species of cyanamide (full circles) with values calculated from the reduced
quartic-quadratic double minimum potential (empty circles).

from Ref. [145]

1 1 {TH cos 9} 2 1 1
1 My Ty dmu,  4my,
1 0\> 2 9
b (TH cOS ) N ri cos 6 cos ¢ L1l (4.6)
mn Ty Tz

where m, is equal to the mass of the cyanide group —CN, ry is the N-H bond
length, r, is the distance of the amino nitrogen atom from the center of mass of the
cyanide group, my is the mass of the amino nitrogen, ¢ is the inversion angle, and
20 = Z(HNH). The structural parameters were taken from the newly determined
molecular structure of cyanamide (see section below). The changes of the A and B
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Table 4.6: The reduced mass p and A, B parameters in the reduced quartic-
quadratic potential for cyanamide.

HaNCN HDNCN DoNCN

u/u 1.6504 2.0747 2.7928
A Jem~t  113.5700 97.5014 79.9749
B —4.0634 —4.3855 —4.8422

parameters upon isotopic substitution [160] were obtained from

2/3
Ay, = <“—H> Ay
1%5p)

~1/3
By = (“—H) By, (4.7)
HD

where subscript D refers to the parameter for the substituted species, and subscript
H refers to the parameter for the parent species (see Table 4.6). Finally, the energy
levels in the potential were calculated with program ANHARM available from [17].
The experimental values of AE = E(07)—E(0") for rare isotopologues of cyanamide
have been confronted with prediction obtained as described above. Even though this
simple potential is in error by 1 cm™! in predicting AE for Do,NCN and HDNCN, it
can be seen that the observed and the calculated dependence of AE on carbon and
nitrogen isotopic substitution are practically identical. This evidence is collected in
Fig. 4.7 which compares the fitted inversion splittings with values calculated from
the reduced quartic-quadratic potential.

4.5 Molecular Structure

The present assignment of rotational transitions for six new isotopic species of
cyanamide results in a factor of 2 increase in the number of rotational constants avail-
able for structure determination. For a relatively small molecule such as cyanamide
the optimum geometry that can currently be determined is the semi-experimental
equilibrium geometry, 75 already discussed in Chapter 2.8.4. In this type of geom-
etry the ground state rotational constants are corrected to equilibrium by means of
vibration-rotation contributions for all normal modes of the molecule obtained from
anharmonic force field calculations. The CFOUR package [96] was used for calcula-
tion of such vibrational changes in rotational constants, and the STRFIT program
[71] was used to carry out the structural fits. The results are listed in Table 4.7 and
the preferred presently determined geometry of cyanamide is also drawn in Fig. 4.8.
The highest practicable level of anharmonic force field calculation turned out in
this case to be the CCSD(T)/cc-pVQZ level. Since the vibrational calculation does
not take account of the large amplitude motion for the fits the average values of
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r(NH)=  1.0059(1) 5
0 (HNH) = 112.74(2) 178.22(17)

1.3470(2)

¢=42.78(9) 1.1594(2)

Figure 4.8: The preferred r5¥ geometry for cyanamide (A and degrees) determined by using 36
experimental rotational constants and vibration-rotation corrections evaluated at the CCSD(T)/cc-
pVQZ level. Only the foreground hydrogen is visible in this orthogonal projection onto the ac-
inertial plane, which is made from the final Cartesian coordinates. Further numerical details on
this structural fit are given in Table A.1 at the end of this dissertation.

rotational constants for the 0T and 0~ states was used, in analogy to the procedure
applied in the presence of internal rotation [162]. The difference is that in the three-
fold internal rotation case the unperturbed ground state constants are given by a
relation described by Eq. 2.72, which takes account of the statistical weights of the
A- and the F-symmetry states. In the present case of a double minimum potential
it is necessary to use a simple average.

Two different 75F determinations are listed in Table 4.7. It has been suspected
since early ab initio calculations that the N—C=N spine in cyanamide is slightly
bent from linearity in the direction away from the hydrogens [149]. Initially Z(NCN)
was fixed at the value from the best ab initio estimate (see below), obtaining a fit
of very high quality. It turned out at that stage that the data actually allow the
value of Z(NCN) to be determined, lowering the deviation of the fit by a factor of
two. This fit does not contain any structural assumptions and for this reason it is
the preferred result. More details on this structural fit are given in Table A.1 of the
Appendix.

The fitted geometries are compared with the best ab initio estimate made on
the basis of a series of CCSD(T)/cc-pVnZ calculations up to n = 4. All structural
parameters showed monotonic changes in this series so that it was possible to ex-
trapolate to the complete basis size limit with some confidence. This was carried
out with the robust cubic type extrapolation [101]

r(n) = re + A'n73, (4.8)

where r(n) is the structural parameter obtained at the CCSD(T)/cc-pVnZ level,
Tso 18 the structural parameter extrapolated to the complete basis set CCSD(T)/cc-
pVooZ, and A’ is the parameter obtained from the solution of the simultaneous



Table 4.7: Summary of the structural parameters (A and degree) determined for cyanamide.

Ref. [145] Ref. [149] This work

T semi-rigid 0 r,(ﬁ) r,(%L) TEE, Ta.b TEE, 11 calc.©
r(H-N) 1.001(15) [0.9994]¢ 1.0041(7) 1.0104(14) 1.0065(11) 1.0063(1) 1.0059(1) 1.0054
r(N-C) 1.346(5) 1.3301(5) 1.3470(35) 1.3430(15) 1.3450(8) 1.3475(4) 1.3470(2) 1.3465
r(C=N) 1.160(5) [1.1645] 1.1620(37) 1.1614(11) 1.1620(8) 1.1594(4) 1.1594(2) 1.1576
Z(HNH) 113.5(20) 120.8(5) 115.65(14) 113.25(15) 112.62(14) 112.69(2) 112.74(2) 112.33
#° 38.0(10) 45.03(20) 37.55(17) 40.63(29) 42.64(32) 43.35(2) 42.78(9) 43.85
Z(NCN) [180.0] [174.8] [180.0] [180.0] [180.0] [176.96] 178.22(17) 176.96
ca Jut/?A —0.0175(56)  —0.1111(128)
cp Jul/?A 0.0204(74)  —0.0048(10)
ce Jult/?A 0.0321(75) [0.0]
o Ju'/?A 0.0] 0.0381(50)
one /uA? 0.00965 0.00273 0.00201 0.00111 0.00055

“Determined by using the computed (B. — By) corrections evaluated at the CCSD(T)/ce-pVQZ level.
b/(CCN) constrained to the ab initio estimate.
“Extrapolation to complete basis set made from the CCSD(T)/ce-pVTZ and CCSD(T)/cc-pVQZ calculations, see text.
dSquare brackets enclose assumed values.

¢The angle between the N—C bond and the Z(HNH) bisector.
/Deviation of fit to moments of inertia derived from 36 experimental rotational constants averaged over the 0 and 0~ inversion

states.
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equation to the computed r(n) values. For this two-point extrapolation scheme
the two highest available levels of calculations for n = 3 and n = 4 were used.
The estimated values are listed in Table 4.7. The experiment and calculation are
seen to be in good agreement, although state of the art computations might still
be desirable for a more reliable comparison. For example, the computed value for
7(C=N), which is shorter by 0.0018 A relative to experiment, is most likely the
result of a systematic effect. This discrepancy is found to be very similar to that
for HCN, for which the complete basis set limit value evaluated in the same way
(Eq. 4.8) as for cyanamide is 1.1515 A, being 0.0017 A shorter than the experimental
equilibrium value of 1.15324(2) [163].

4.6 Conclusion

A comprehensive analysis of the mm-/submm-wave and IR spectra of cyanamide
and its deuterated species has been performed for the ground state 0, 0~ inver-
sion doublet within the framework of a uniform Hamiltonian model. For all singly
substituted ¥C and N isotopologues in all three H/D versions of the cyanamide
about 100 rotational transitions have been assigned, for six of them for the first
time. Many perturbations between 0%, 0~ substates have been identified and fit-
ted to within experimental accuracy. In addition, extensive experimental data for
HoNCN, HDNCN, and for DoNCN allowed tentative identification of various pertur-
bations between the ground state inversion doublet and lowest excited vibrational
states, which could not be reproduced by the current model. Nonetheless, substan-
tially improved spectroscopic constants which reproduce the vast majority of the
ground state pure rotation and rotation-inversion transitions can now be used in
astronomical searches for isotopic species of cyanamide in the interstellar medium.
Precise values of the energy splittings for 13 isotopologues have been determined
and verified against those obtained from the reduced double-minimum potential.

The assignment of rotational spectra in six new isotopic species of cyanamide
combined with improved determination of spectroscopic constants for the other iso-
topologues, and with advances in structural analysis allowed determination of the
hitherto most precise molecular geometry of the cyanamide molecule. The preferred
rSF geometry is compared in Table 4.7 with two established literature determina-
tions and with several other types of structural fits to the presently determined
rotational constants. All those determinations required making some assumptions,
starting from augmentation of substitution coordinates with the first-moment con-
dition, as was made in [145]. In those structural fits it was also not possible to
determine Z(NCN) with significance. The least-squares fit 7y geometry determined
from the present constants shows the expected changes relative to the equilibrium
results. The ry pyramidal angle ¢ is smaller, as discussed for the structurally similar
H,O- - - HCI species [71, 164], and Z(HNH) is larger. The modified r,, geometries
(see Chapter 2.8.3) showed considerable promise in being able to deliver equilibrium
quality parameters from ground state constants, by using a very limited set of addi-
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tional adjustable parameters. Two such determinations are listed in Table 4.7 and
both offer a substantially better quality of fit than the ry geometry. The straight-
forward i) determination is seen to be inferior to the ri" geometry, because the
latter takes advantage of the use of the Laurie parameter dy to account more ef-
fectively for changes on deuteration of the NH bonds. It can be seen that the i)
geometry does indeed recover equilibrium quality angles,; although r(C=N) appears
to be closer to ry quality. This determination is also not free from assumptions,

concerning the indeterminable ¢, constant, and the linear spine.

In conclusion, the preferred 5% geometry is associated with both the smallest
residuals of fit and is in best agreement with the computational estimate. It was
found that this type of geometry determination was very successful in view of the
complications arising from the presence of the large amplitude inversion motion, the
small principal a-coordinate of the carbon atom, the tiny c-coordinates of all heavy
atoms and that it was able to deliver a complete set of structural parameters for
cyanamide.



Chapter 5

Acrylonitrile

5.1 Introduction

Acrylonitrile (vinyl cyanide HoC=CHCN) is an important molecule in star forming
regions. Its first detection in Sagittarius B2 (Sgr B2) was reported by Gardner et al.
in 1975 [165] on the basis of low frequency hyperfine components of the 211 + 215
rotational transition. The N region of Sgr B2 is relatively dense and hot, thus even
the transitions for the lowest lying excited vibrational states v;; = 1, vi5 = 1, and
v11 = 2 have been identified there [132]. The ground state rotational transitions have
also been detected in the Taurus Molecular Cloud [166, 167] and in the KL region
of the Orion Molecular Cloud [168, 169]. In addition, the combination of relatively
high abundance and sizable dipole moment of this molecule (see Chapter 8) enabled
detection in Sgr B2 of all singly substituted 3C species [6], (see Fig. 1.1). For
these reasons acrylonitrile has been classified as an important weed molecule, since
precise understanding of its rotational spectrum up to THz frequencies is crucial
to the analysis of results from cutting edge tools of contemporary radioastronomy,
such as Herschel, ALMA, and SOFTA.

The laboratory rotational spectrum of acrylonitrile has already been studied on
numerous occasions (see Refs. [170]-[178], and also [23, 6]). The spectrum arises
from nonzero values of the dipole moment components p, = 3.8208(40) D and p, =
0.6866(81) D (see Fig. 5.1 and Chapter 8). The rotational constants of acrylonitrile
are relatively large so that this molecule is expected to be a plentiful contributor
to THz-region spectra. This expectation provided the stimulus for the most recent
study [23], in which the knowledge of the rotational spectrum of acrylonitrile was
extended for the first time into the THz region, up to 1.67 THz. The experimental
data set for the ground state of acrylonitrile was increased in size by more than
a factor of 5 to number more than 3000 lines. The foray into the THz region
also revealed the presence of a prototype perturbation between the ground state
transitions and those in the lowest excited vibrational state, v;; = 1 at 228 cm™!. A
vibrational energy difference as large as this is normally expected to ensure that the

78
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Figure 5.1: The orientation of the acrylonitrile molecule and of its electric dipole in the principal
inertial axes.

pertinent energy levels are isolated from each other. In acrylonitrile the large value
of the A rotational constant (1.66 cm™!) allows some rotational energy levels of the
ground state to interact with those in vy; = 1. The same reason allows observation
of many perturbations of the ground state transitions at higher values of K, of the
inversion doublet 0, 0~ in cyanamide, as already discussed in Chapter 4. In the
case of acrylonitrile spectroscopic manifestations of such effects are at values of J
in the region of 100 or at high values of K, so that they were not accessible at the
lower frequencies of studies preceding that in [23].

The signal to noise ratio in the spectra of the natural abundance sample recorded
in [23] was also sufficient for an appreciable improvement of the laboratory data sets
for the singly substituted *C and '®N isotopologues of acrylonitrile. Nonetheless,
that data was still limited to relatively low values of J and K, quantum numbers and
was treated in terms of an effective fit of the ground state transitions. In order to
extend the understanding of the spectra of the isotopic species of acrylonitrile to the
level attained for the parent species the broadband rotational spectra of isotopically
enriched 3CHy=CHCN, CHy,=CH"3CN, CHy,=CHC"N, and CHy=CDCN samples
were recorded up to 1.2 THz, and their analyses are presented in this chapter. The
high frequency spectra revealed the presence of characteristic perturbations between
the ground state and the v1; = 1 excited vibrational state, similar to that identified
in the parent molecule [23]. The broadband spectra allowed assignment also of
several isotopic species with double isotopic substitution of the heavy atoms, and
their spectroscopic constants provided valuable data for determination of a new,
precise geometry of the acrylonitrile molecule. The extended knowledge of the THz
spectra of the investigated isotopic species, and especially of the b-type transitions
which are more relevant at higher frequencies can be used for further searches of
these species by radioastronomy.
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Table 5.1: Summary of the isotopic species of acrylonitrile studied in this

work.
Main species® Doubly substituted species”
13CHy=CHCN 13CH,="'3CHCN
CH,=CH™CN CH,="CH¥CN !3CH,=CH'CN
CHy,=CHC"N 13CHy=CHC'N CH,='"3CHC'>N CH,=CH"3C!®N
CH,=CDCN

“Spectra measured for isotopically enriched samples.
bSpectra assigned in their natural abundance from the isotopically enriched spectra
of the singly substituted species.

5.2 Experimental details

For the measurements four commercially available isotopically enriched samples of
acrylonitrile: ¥CH,=CHCN, CHy,=CH"3CN, CHy=CHC¥N, and CH,=CDCN of
97 — 99% cited enrichment were used. Broadband submillimeter and THz spectra
were recorded at Jet Propulsion Laboratory, USA by using the cascaded harmonic
multiplication spectrometer described in detail in Ref. [112]. This technique is also
used in the broadband MMW spectrometer at IFPAN as shortly described in Chap-
ter 3.2. The measured spectra covered 520 — 608, 850 — 930, 950 — 1060, and
1060 — 1205 GHz, and were obtained by using harmonic multiplication of frequency
from the 11 — 18 GHz driving synthesizer by factors ranging from 36 = 6 x 2 X
3 at 510 GHz, to 72 = 6 x 2 x 2 x 3 at 1.2 THz. Only the experimental data
for BCH,=CHCN was missing the 850 — 930 GHz segment since the sample was
exhausted prior to this measurement. The radiation was detected after a single pass
through a 3 metre length free-space absorption cell. Detection was made with room
temperature zero-bias Schottky diode detectors from Virginia Diodes Inc., which
were used at all of the studied frequencies. All measurements were carried out at
room temperature and the pressure in the absorption cell was close to 10 mTorr.
All spectra for a given sample were combined into a single spectrum, and subjected
to analysis with the AABS package, already described in Chapter 3.3. The pack-
age allows the use of Loomis-Wood type graphical techniques for identifying and
assigning the sequences of lines, which was found to be invaluable for all species,
and particularly for assigning new ones. All fits and predictions were carried out
with Pickett’s SPFIT/SPCAT program package [24, 25].

Experimental uncertainties for the newly measured transition frequencies were
assigned in proportion to increasing multiplication harmonic and line width. An
uncertainty of 0.05 MHz was used for the 520 — 608 GHz region and 0.15 MHz
for the remaining transitions, at 850 — 1205 GHz. The present measurements were
combined with previous data sets for the ground states of the singly substituted



CHAPTER 5. ACRYLONITRILE 81

13C and '®N isotopic species from Ref. [23], and those already subsumed the results
from preceding work. For HoC=CDCN the lines reported in [178] have been used.
Thanks to high quality of spectra of singly substituted species it was also possible
to assign the ground states of six new doubly substituted isotopologues in their
natural abundance arising from either a combination of two 3C atoms or a *C and
a N atom (see Table 5.1). In the case of H,C=CDCN such species have already
been identified in [178] so that the effort was concentrated on assigning the six
hitherto unknown species. The transitions for the doubly substituted species were
much weaker and thus more susceptible to shifts resulting from effects such as line
blending so that their uncertainties were doubled relative to those used for the singly
substituted species.

5.3 Rotational spectrum

The rotational spectrum of acrylonitrile at mm- and low-submmillimetre region
frequencies is dominated by “ R-type transitions, which are associated with the large
e = 3.8209(29) D dipole moment component. The THz-region spectra are of a
different character since a-type transitions in this region are for very high-J, and are
rather weak, whereas transitions associated with the much smaller p, = 0.6862(79) D
(see Chapter 8.5) component become dominant owing to much lower J values. Both
bR- and *Q-type transitions are observed, and while the former do not lead to readily
discernible patters in the spectrum, the Q)-type transitions group into characteristic
dense bands, as visible in Fig. 5.2.

5.3.1 Single Isotopic Substitution

Analysis of the spectra for the four singly substituted isotopologues commenced with
extensive measurements of ground state transitions. The ®R-type lines were mea-
sured first, then all the intense °R, and *Q-type transitions in the higher frequency
region. Finally the ®P-type lines were measured, up to K, ranging from 20 to 25,
depending on the isotopologue. Analogously to the parent species the single-state
Watsonian Hamiltonian [21] fit of the ground-state transitions showed that a signif-
icant number of lines could not be fitted to within experimental error. Due to the
lack of low-frequency large amplitude motion in the molecule, such perturbations
can only arise from interaction between ground-state rotational levels and those of
the lowest lying excited vibrational states such as v;; = 1, and v15 = 1 at 228 cm ™!,
and 331 cm™!, respectively. As has been shown for the parent species, all of the per-
turbed ground-state rotational levels which contribute to transitions observed in the
THz region result from their interaction with those in the v;; = 1 state. For this rea-
son the next step in the analysis of the THz data was systematic measurement of the
first excited state transitions for all four singly substituted species. The single state
fits of the v1; = 1 transitions also revealed a large number of perturbed transitions.
Thorough inspection of the perturbed sequences in both states showed that there
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Figure 5.2: Tlustration of the relative appearance of the 1 THz rotational spectra of various
isotopic species of acrylonitrile. The dense bands in the four top spectra are formed by °Q-
type transitions for K, = 12 < 11, while in the bottom spectrum the visible @Q-bands are for
K, = 15 + 14. The frequencies of the ground state band (right) and the band for v1; = 1 (left)
provide a direct measure of the isotopic and vibrational variation in the A rotational constant.
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Figure 5.3: Perturbation-induced splitting in the K, = 12 ground state ® R-type transitions of
CH,=CH'3CN. The two components, K, + K. = J and K, + K. = J + 1, would normally be
degenerate, while in the experimental spectrum (centred above on the K, + K. = J + 1 sequence)
the K, + K. = J component is shifted to lower or upper frequencies as indicated by the arrows.

are several sets of interacting rotational levels involved in a g.s. <> v4; perturbation.
This manifests by deviations from single state fits which are similar in magnitude
but are of reversed sign for g.s. and for 1, for a given value of J but are for different
values of the K, quantum number. The changes in rotational constants between the
parent and the *C and the °N species are relatively small so that the perturbations
affected transitions for the same pairs of K, values as in the parent isotopologue.
At higher K, there were rather extended, smooth changes resulting from interaction
maximising at K, = 21, 22 in the ground state and K, = 17,18 in v;; = 1, as shown
in the right-hand part of Fig. 5 in Ref. [23]. There were also several accidental
resonances, stuch as the one illustrated for H,C=CH'¥CN in Fig. 5.3. In this case
some K, = 12 levels in the ground state perturb with K, = 2 levels in v1; = 1. The
maximum in this resonance is visible in the J = 105 <— 104 transition at 988 GHz,
while a similar resonance in the parent species is maximised in the J = 107 < 106
transition at 1011 GHz (see Fig 7 of Ref. [23]). The change in the rotational constant
A between the parent and the HoC=CDCN species is sufficiently large (almost 10
GHz) to shift the perturbations to completely different values of quantum numbers.
Thus the main high K, perturbation is most pronounced between K, = 26 in the
ground state and K, = 22 in v;; = 1. The accidental resonances are also in dif-
ferent places and a level crossing type sequence affecting the ground state K, = 15
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Figure 5.4: Evidence for a level-crossing type perturbation in HyC=CDCN between the K, = 15
levels of the ground state and K, = 5 levels in v1; = 1. The plotted quantities are scaled differences
between frequencies of *R-type transitions from the final coupled fit and those from single state
effective fits. Continuous lines are predictions from the final fit and circles mark experimental
measurements. The maximum in this perturbation is for very high J transitions with frequencies
close to 1.1 THz.

transitions and K, = 5 transitions of v;; = 1 is shown in Fig. 5.4. The maximum in
this perturbation is for J” = 117 and it is necessary to reach up to 1.1 THz in order
to measure the most affected lines. A similar sequence has been identified for the
parent species (left side of Fig. 5 in Ref. [23]) but in that case K, = 16 rotational
levels of the g.s. perturb with K, = 10 levels of v;; = 1, and the maximum is at
J" =102.

In view of the various perturbations the only satisfactory treatment of the ex-
tensive THz-region measurements of the ground and of the vy; = 1 states for four
isotopologues was the coupled fit based on the two-state Hamiltonian (Eq. 2.49).
The type of the interaction between the g.s. and v1; = 1 depends on the irreducible
representations of the point group to which these states belong. For acrylonitrile
both the ground and the v, state belong to the A" irreducible representation of the
C, symmetry point group, which describes the molecule. According to Eq. 2.50 these
two states can interact by means of both c-axis Coriolis and Fermi interactions. The
two-state Hamiltonian for the coupled fit constructed in standard 2 x 2 block form
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for this case is given by

H _ H%ts) HC + HF (5 1)
Ho+Hp HYY +AE | '

The diagonal blocks consist of the rotational Hamiltonian for the pertinent states,
augmented by the vibrational energy difference between v1; = 1 and the ground
state, AE = E;; — Fy. The off-diagonal blocks are the sum of Coriolis H¢ and
Fermi Hp terms defined by Eqgs. 2.51, and 2.54, respectively. In similarity to
the treatment used for the parent species [23] the leading terms for the Coriolis
interaction for acrylonitrile are given by

Ho = (Fy+ F2 2+ FEJ2 0 (g, + 0o ). (5.2)

The second contribution off-diagonal arises from Fermi resonance (Eq. 2.54) and is
of the form

He = We+ W2+ WEL? + [(Wi CWIPE e WEIE ), J;yzL (5.3)

More detailed definition of this term is given in section 2.6 of this dissertation.

The fits revealed that the Coriolis term is a relatively minor contributor to the
interaction, at least as probed by the measured transitions. For the parent species
only the value of F,;, could be determined. For the presently studied isotopologues
even this was not possible, so that the value of F;, was fixed. As far as the Fermi
terms are concerned, only the higher order terms in the W, sequence were found
to be significant. The values of constants resulting from the coupled fits are listed
in Tables 5.2 and 5.3, where they are also compared with the results for the parent
isotopic species. It was found that the A-reduced form of Watson’s asymmetric rotor
Hamiltonian [21] offered somewhat better convergence and lower deviation of the
coupled fit than the S-reduced form.

It is useful to clarify some specific aspects of these fits. The ground state energy
levels are known to perturb with those of v1; = 1 but that state is, in turn, known to
interact with the vibrational state immediately above it, namely v;5 = 1 at 333 cm ™!
[179]. In fact, a ladder of interactions connecting successively higher vibrational
states of acrylonitrile has been identified [23]. Since the primary aim of this study
is to provide the most reliable description of the ground state transitions it was not
practicable to set up the whole chain of these interstate interactions so that the fit
is limited to the two lowest states. The cutoff criterion of SPFIT was used to reject
from the fit transitions of v;; = 1 that were outside the g.s. <+ v;; = 1 interaction
model. At the same time it was ensured that no transitions of the ground state
were out of the fit. The success of this procedure can be assessed from Tables 5.2
and 5.3, in which a breakdown of the numbers of fitted lines and of the deviation
of fit over the two states is provided. All assigned ground state lines have been
fitted at a satisfactory weighted deviation of fit in the region of 1.2. For v;; = 1
the weighted deviation of fit is significantly poorer, and closer to 2, while at the



Table 5.2: Spectroscopic constants derived from the coupled fits for the two singly substituted *C isotopic species of acrylonitrile
studied in this work compared with those for the parent species.

parent

g.s.

v11 =1

H313C-CHC=N

g.s.

vi1 =1

H2C-CH3C=N

g.s.

v =1

A/MHz
B/MHz
C/MHz

Ay /kHz
A i /kHz
Ak /kHz
4y /kHz
dx /kHz

®;/Hz
¢k /Hz
P y/Hz
Py /Hz
¢s/Hz
¢k /Hz
¢x /Hz

Ljy/mHz
Ljjr/mHz
Ly /mHz
Lk ky/mHz
Ly /mHz
ly/mHz
lyrx/mHz
l) g /mHz
Ik /mHz

Pg y/mHz
Pr iy /mHz
Py /mHz

AE/MHz
AE/cm~!
Fop/MHz
WE /MHz
W{E /MHz
WHEEK /MHz

Nlinesb
o6+¢/MHz

c
Orms

49850.69690(73)%
4971.212477(62)
4513.828478(63)

2.244077(20)
—85.6406(29)
2715.446(15)
0.4566466(46)
24.4863(21)

0.0064398(24)
—0.00118(53)
—7.7579(55)

384.58(13)
0.00236906(96)
0.14337(55)

37.364(80)

—0.00002661(10)
—0.001313(40)
0.4537(25)
—0.086(15)
—60.46(47)
—0.000011628(46)
—0.001003(29)
—0.1771(65)
8.74(19)

—0.0000506(40)
—0.0000952(70)
0.00745(55)

3145,1
0.143
1.253

49170.4566(17)
4990.77301(16)
4521.96695(15)

2.269240(50)
—76.5777(29)
2171.438(35)
0.467851(16)
27.2262(46)

0.0064259(62)
0.0624(18)
—0.635(15)
—20.31(30)
0.0023851(26)
0.1982(13)
39.59(25)

—0.00002549(27)
—0.00290(13)
—0.8257(81)
—3.683(57)
238.3(10)
—0.00001171(12)
—0.000146(76)
—0.407(18)
—10.10(93)

0.0001922(91)
0.002410(23)
—0.1381(12)

6844259.15(62)
228.29991(2)

—30.20(16)
0.043302(68)
—0.0000000208(14)
—0.00002068(15)

1989,91
0.243
2.079

49195.2056(23)
4837.625265(73)
4398.197085(64)

2.175183(21)
—86.9335(12)
2695.957(35)
0.438388(13)
22.8119(46)

0.0061996(37)
—0.02557(63)
—7.802(10)
385.32(24)

0.0022529(21)

0.1268(11)

34.768(82)

—0.00002508(16)
—0.000845(61)
0.4361(42)
0.141(38)
—62.93(70)
—0.000010714(90)
—0.000860(54)
—0.1220(90)
7.23(39)

—0.0000792(35)
—0.000171(18)
0.00938(72)

2044,0
0.146
1.273

48582.2827(58)
4856.60158(51)
4406.24225(58)

2.19819(12)
—178.1355(42)
2210.398(79)
0.448841(31)
25.848(23)

0.006121(15)
0.0271(35)
—1.250(31)
40.79(63)
0.0022618(57)
0.1820(48)
36.89(52)

—0.00002238(61)
—0.00156(24)
—0.896(35)
—3.11(14)
179.9(22)
—0.00001058(26)
—0.00041(22)
—0.257(35)
—19.5(29)

0.0002301(67)
0.002313(85)
—0.1056(27)

6790930.(42)
226.5210(14)

[—30.2]
0.04233(12)
[~0.0000000208]
[—0.00002068]

934,49
0.216
1.882

49799.6210(23)
4948.412910(79)
4494.606874(65)

2.220889(21)
—86.1086(10)
2748.907(37)
0.451501(12)
24.0382(39)

0.0062710(33)
—0.01310(80)
—7.583(10)
386.34(25)

0.0023152(19)

0.1330(10)

37.48(11)

—0.00002568(14)
—0.000909(60)
0.1562(96)
0.761(49)
—60.23(74)
—0.000011069(79)
—0.001006(50)
—0.1349(85)
—13.92(90)

0.0000330(79)
—0.000256(17)
0.00727(76)

2428,0
0.149
1.256

49036.2683(63)
4967.36553(69)
4502.44062(63)

2.24350(14)
—76.3412(42)
2111.844(90)
0.462143(42)
26.347(17)

0.006256(15)
0.0458(31)
0.184(36)
—125.26(71)
0.0023351(55)
0.2142(33)
42.41(41)

—0.00002669(58)
—0.00308(20)
—1.813(21)
0.005(10)
348.3(24)
—0.00001189(23)
—0.00187(15)
—0.647(26)
—99.8(16)

—0.000128(13)
0.00125(19)
—0.2082(31)

6788507.(12)

226.4402(4)

[—30.2]
0.04139(12)
—0.0000000718(29)
—0.00001345(24)

1258,107
0.275
2.055

%Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant, square parentheses enclose assumed values.
’The number of distinct frequency fitted lines and the number of lines rejected at the 100 fitting criterion of the SPFIT program.
®Deviations of fit for the two vibrational subsets in each coupled fit, while oyms for the three coupled fits are, from left to right, 1.62, 1.49, and 1.58, respectively.
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Table 5.3: Spectroscopic constants derived from the coupled fits for H,C-CHC="N and H,C-CDC=N compared with those for

the parent isotopic species of acrylonitrile.

parent

g.s.

v =1

H,C-CHC=1°N

g.s.

vip =1

H2C-CDC=N

g.s.

vi; =1

A/MHz
B/MHz
C/MHz

A y/kHz
A i /kHz
Ak /kHz
4y /kHz
dx /kHz

®;/Hz
® ;i /Hz
Pk y/Hz
P /Hz
¢ /Hz
K /Hz
¢x /Hz

Ly/mHz
LjjK /mHz
Ly /mHz
Lk j/mHz
Ly /mHz
ly/mHz
lyi /mHz
Iy /mHz
I /mHz

Pg j/mHz
Px g y/mHz
Py /mHz

AE/MHz
AFE/cm™!
Fo/MHz
W /MHz
W{E /MHz
WEEK /MHz

Mines®
o6t?/MHz

Orms

49850.69690(73)
4971.212477(62)
4513.828478(63)

2.244077(20)
—85.6406(29)
2715.446(15)
0.4566466(46)
24.4863(21)

0.0064398(24)
—0.00118(53)
—7.7579(55)

384.58(13)

0.00236906(96)

0.14337(55)
37.364(80)

—0.00002661(10)
—0.001313(40)
0.4537(25)
—0.086(15)
—60.46(47)
—0.000011628(46)
—0.001003(29)
—0.1771(65)
8.74(19)

—0.0000506(40)
—0.0000952(70)
0.00745(55)

3145,1
0.143
1.253

49170.4566(17)
4990.77301(16)
4521.96695(15)

2.269240(50)
—76.5777(29)
2171.438(35)
0.467851(16)
27.2262(46)

0.0064259(62)
0.0624(18)
—0.635(15)
—20.31(30)
0.0023851(26)
0.1982(13)
39.59(25)

—0.00002549(27)
—0.00290(13)
—0.8257(81)
—3.683(57)
238.3(10)
—0.00001171(12)
—0.000146(76)
—0.407(18)
—10.10(93)

0.0001922(91)
0.002410(23)
—0.1381(12)

6844259.15(62)
228.29991(2)

—30.20(16)
0.043302(68)
—0.0000000208(14)
—0.00002068(15)

1989,91
0.243
2.079

49655.3623(25)
4819.715497(79)
4386.999238(66)

2.106558(19)
—83.1969(13)
2724.330(38)
0.420764(14)
23.6810(56)

0.0058938(30)
—0.0141(14)
—7.582(12)
389.10(25)
0.0021312(17)
0.1332(10)
35.01(21)

—0.00002370(12)
—0.000480(76)
0.2398(76)
0.480(44)
—62.47(70)
—0.000009973(65)
—0.000901(47)
—0.058(11)
—3.05(66)

0.0000458(54)
—0.000293(17)
0.00828(70)

2265,0
0.134
1.160

48988.3840(78)
4838.78823(53)
4395.08709(56)

2.13063(11)
—74.4962(39)
2191.34(11)
0.431558(27)
26.647(12)

0.005836(11)
0.0697(27)
—1.020(28)
—2.93(91)
0.0021597(37)
0.1982(23)
43.66(37)

—0.00002195(40)
—0.00334(16)
—1.211(18)
—2.919(65)
220.5(33)
—0.00001064(15)
—0.00116(10)
—0.587(22)
—60.3(16)

—0.000144(11)
0.00512(13)
—0.1310(46)

6770318.(17)

225.8335(6)

[—30.2]
0.03914(11)

—0.0000000580(21)

—0.00001330(22)

1212,103
0.233
1.838

40196.5482(23)
4934.39619(22)
4388.34388(22)

2.034838(48)
—44.3009(17)
1300.299(20)

0.458760(15)

22.1313(36)

0.0054066(45)
0.0803(12)
—3.336(11)
115.704(82)
0.0021147(19)
0.13831(68)
18.98(11)

—0.00002105(15)
—0.001046(65)
0.1377(60)
—0.170(38)
—11.09(15)
—0.000009433(72)
—0.000924(32)
—0.0782(58)
—0.46(40)

0.0000616(50)
—0.000029(12)
0.00070(10)

2379,0
0.142
1.106

®The number of distinct frequency fitted lines and the number of lines rejected at the 100 fitting criterion of the SPFIT program.

39634.030(12)
4953.67764(70)
4395.54521(67)

2.05936(14)
—39.8033(35)
1003.16(14)
0.470098(43)
23.138(10)

0.005387(13)
0.1055(19)
—1.006(21)
—55.04(80)
0.0021415(55)
0.1712(18)
19.60(16)

—0.00002127(49)
—0.00202(11)
—0.761(11)
0.946(50)
92.4(21)
—0.00001021(21)
—0.001107(82)
—0.2265(99)
—24.88(67)

—0.0000404(51)
—0.000151(47)
—0.0398(21)

6763114.4(46)

225.59321(15)

[—30.2]
0.02864(14)

—0.0000000227(21)

—0.00000421(24)

1271,82
0.321
2.381

YDeviations of fit for the two vibrational subsets in each coupled fit, while orms for the three coupled fits are, from left to right, 1.62, 1.43, and 1.67, respectively.
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Figure 5.5: Comparison of values for v1; derived from the coupled fits for the various iso-
topic species of acrylonitrile with those obtained from anharmonic force field calculations at the
CCSD(T)/6-31G(d,p) level carried out with the CFOUR package [96].

100 cutoff criterion there were from around 50 to over 100 lines rejected from fit,
depending on the isotopic species.

The currently determined spectroscopic constants for the four singly substituted
isotopic species show similar values and relative trends to those in the parent species.
Only for HoC=CDCN there are major changes in values of all K-dependent constants
relative to the parent and those are associated with the large deuteration effect on
the A rotational constant. The validity of the coupled state fits for the isotopic
species is confirmed by the comparison with results of ab initio anharmonic force
field calculation shown in Fig. 5.5. The observed isotopic dependence of AFE from
the fits and the calculated isotopic dependence of the fundamental frequency vy, are
practically identical.

5.3.2 Double Isotopic Substitution

The high isotopic enrichment of the acrylonitrile samples used in these measurements
was sufficient for measurement of lines in species with double isotopic substitution.
The good visibility of the spectra of the doubly substituted species is illustrated in

Fig. 5.6 for lines of Hy'*C=CH'CN in the spectrum of the enriched Hy'*C=CHCN
sample.

The *R-type transitions for such species can only be assigned reliably in the
lowest frequency spectral segment, at 520 — 608 GHz. The available values of the J
quantum number are thus in a relatively narrow range, typically from 55 to 68. The
range of accessible J values was, however, much greater since the THz-region spectra
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Figure 5.6: Loomis-Wood type plot illustrating the good visibility of the lines of Ho'3C=CH3CN
in the spectrum of the isotopically enriched Hy'3*C=CHCN sample. Spectral strips are aligned on
frequencies of successive K, = 2, ®*R-type transitions of Hy'>C=CH'CN for the lower frequency
of two possible sequences of such lines. The pertinent J” values are listed on the right. The
accidentally adjacent K, = 0 and 1 line sequences for this species are also indicated by the guiding
lines, but these sequences are for values of J greater by 1 from those for the K, = 2 sequence.

provide access to much lower J transitions in the *R-type branch. These occur for
intermediate values of K, and measured transitions of this type for Hy*C="CHCN,
for example, are for J = 10 — 38 and K, = 8 — 11. It was possible to assign ®R-
type transitions up to K, = 20 but since it is known from the analysis of the singly
substituted species that lines for this value of K, are already involved in perturbation
with v;; = 1 the fits were restricted to K, = 19.

Transitions of some isotopic species, such as Hy'3C=CH'"3CN, were anticipated to
occur at similar intensity in spectra of two different enriched samples, in this case in
spectra of Hy'*C=CHCN and HyC=CHCN. This provided additional possibilities
for checking the assignment and a way to measure lines that were obscured by
spectral features in one but not in the other sample.

Zero order predictions of the new species were made on the basis of ab initio cal-
culations, which were corrected by the difference from experiment for the assigned



Table 5.4: Spectroscopic constants for the ground states of six new isotopic species of acrylonitrile assigned in this work compared
with those for the parent species.

parent, Ref. [23]

Hy'¥C="3CHCN

Hy'3C=CH'"3CN

H,C="3CH'"3CN

Hy'¥C=CHC"N

HoC='3CHC'N H,C=CH'"3C'N

A*/MHz
B/MHz,
C/MHz

D /kHz
DJK/kHZ
DK/kHZ
d1 /kHZ
dg/kHZ

HJ/HZ
HJK/HZ
HKJ/HZ

ost/MHz

Urms

Nlines

49850.69649(45)
4971.163635(39)
4513.877241(40)

2.182439(12)
—85.01583(36)
2714.868(10)
—0.4565329(30)
—0.0308686(11)

0.0057393(14)
—0.284122(77)
—6.9763(26)

0.1272
1.0281
2852

47962.983(16)°
4818.7010(49)
4372.4772(56)

2.0643(13)
—81.3694(51)
2576.113(68)
—0.437850(68)
—0.029138(19)

0.00548(11)
—0.25503(65)
—6.6776(54)

0.1464
0.8028
259

49143.268(12)
4813.9503(42)
4378.2818(49)

2.0994(11)
—86.7104(47)
2727.663(50)
—0.434143(65)
—0.027514(19)

0.005693(99)
—0.28364(59)
—6.8211(54)

0.1220
0.8178
301

48597.436(16)
4925.5833(52)
4465.7804(60)

2.0995(15)
—80.3217(63)
2625.377(63)
—0.448720(81)
—0.031108(23)

0.00541(13)
—0.26507(81)
—6.5883(64)

0.1694
0.8327
231

%All constants are from single state, effective fits of the S-reduced asymmetric rotor Hamiltonian.

48995.133(19)
4689.3004(72)
4273.7615(70)

1.9924(17)
—83.8574(63)
2702.566(73)

—0.40425(32)
—0.026053(22)

0.00528(14)
—0.25989(77)

—6.7936(87)

0.1237
0.9175
229

48449.248(18)
4796.6006(62)
4358.2478(59)

1.9907(15)
—77.5242(62)
2602.595(76)

—0.41769(31)
—0.029374(22)

0.00515(13)
—0.24043(77)

—6.5949(64)

0.1594
0.9180
265

49598.159(13)
4800.2635(55)
4370.5192(51)

2.0298(13)
—83.1523(55)
2757.511(56)
—0.41661(26)
—0.027934(19)

0.00500(11)
—0.27177(69)
—6.7528(80)

0.1167
0.7730
266

bThe remaining sextic and higher order centrifugal distortion constants were fixed at values determined for the parent species, see Table 4 of Ref. [23].
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species. Such predictions turned out to be accurate to within several MHz for the
K, = 0 transition sequences. The assignment of the relatively weak features for the
doubly substituted species required careful screening for spurious coincidences and
blends. For this reason lines were measured only if the Loomis-Wood display for a
given transition sequence showed a clear series of lines at consistent intensity. The
preceding study [23] showed that in the case when only the ground state transitions
are used a somewhat better fit is obtained with the S-reduced version of the asym-
metric rotor Hamiltonian. This form of the Hamiltonian was therefore used for the
newly assigned species and the resulting constants are listed in Table 5.4. At the
range of quantum number values represented in these data sets it is not expected to
see significant perturbation effects and the deviations of fit in Table 5.4 confirm the
suitability of the fitting model. The moderate scope of the data sets for the doubly
substituted species allowed only constants up to Hx; to be determined. Neverthe-
less, the small variation and the generally smaller values of centrifugal distortion
constants relative to those in the parent species are also in support of the present
analysis.

5.4 Molecular geometry

Several determinations of the molecular geometry of acrylonitrile have already been
made, with the first published in [170], and the most recent ones in Refs. [176, 178].
The present work increases the number of available rotational constants by 45%
and gives the opportunity for a considerable improvement of the geometry deter-
mination. Acrylonitrile is a relatively small molecule and therefore it is possible to
determine the semi-experimental equilibrium geometry, 75¥. This method has been
applied for the structure determination of cyanamide (Chapter 4), and details on
this type of structure evaluation are given in Chapter 2.8.4, and in Refs. [161, 98].
In this 75 evaluation the experimental constants are combined with ab initio cor-
rections to equilibrium obtained from the anharmonic force field. It appears that a
computation with the best possible accounting for electron correlation effects is a
prerequisite. The length of the basis set is also important and two results are re-
ported. The first has been obtained at the CCSD(T)/6-31G(d,p) level and the sec-
ond at the CCSD(T)/cc-pVTZ, employing 75 and 162 basis functions, respectively.
The ab initio calculations were carried out with CFOUR [96] and the structural fits
were made with program STRFIT [71].

The reliability of the 5% geometry depends largely on the accuracy of the calcu-
lation of the sum of the vibration-rotation contributions «;/2 over all normal modes
in the molecule (see Eq. 2.77). This is rather difficult to estimate [161] although it
is possible to inspect the performance of the «; calculation for the v1; mode, since
rotational constants for this mode have presently determined in several isotopic
species. The comparison of calculation and experiment made in Fig. 5.7 shows that
the nominally inferior CCSD(T)/6-31G(d,p) calculation appears to perform appre-
ciably better. Nevertheless, this is only a small part of the overall picture, since
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Figure 5.7: Comparison of the experimental and the calculated differences in rotational constants
between v11 = 1 and the ground state for various isotopic species of acrylonitrile. The experimental
values are from the coupled fits and the theoretical ones are from anharmonic force field calculations
performed with CFOUR.

v11 is known to be strongly coupled with the v;5 mode by a strong a-axis resonance
[175]. The CFOUR calculation of a;’s is an effective one for each state (see Chap-
ter 7) and is very sensitive to the energy separation of adjacent vibrational states.
On the other hand the sum of a pair of a;’s for two states which may be connected
by a resonance is a rather stable quantity. For the parent acrylonitrile species it was
found, using also the rotational constants for v;5 = 1 from [175], that the average
deviation from experiment for (v1; + vy5) for the three rotational constants is 3.3%
for CCSD(T)/6-31G(d,p) and 3.1% for the CCSD(T)/cc-pVT7Z calculation. Fig. 5.7
also demonstrates that the isotopic dependence of vibration-rotation contributions
to rotational constants is calculated reliably.

Geometry evaluations were carried out by using the experimental constants and
the B, — By corrections from CFOUR for the S-reduction of the asymmetric rotor



Table 5.5: Summary of the structural parameters (A and degree) determined for acrylonitrile.®

o Ts r%) r,(%L) (TEE)b (TEE)C calc.? Ref. [176]°
r(C=C) 1.342(2) 1.344(4) 1.3383(11)  1.3373(11)  1.3350(9) 1.3353(4) 1.3363 1.337
r(C—C) 1.430(2) 1.429(5) 1.4271(18)  1.4322(12)  14315(11)  1.4314(4) 1.4302 1.432
r(C=N) 1.164(2) 1.160(5) 1.1615(13)  1.1571(15)  1.1584(11)  1.1583(4) 1.1610 1.157
r(C—H®) 1.086(3) 1.093(4) 1.0884(13)  1.0749(29)  1.0800(12)  1.0797(4) 1.0776 1.081
r(C—H?) 1.089(9) 1.097(17) 1.0859(42)  1.0714(47)  1.0799(36)  1.0800(13)  1.0771 1.080
r(C—HY) 1.086(2) 1.085(3) 1.0865(11)  1.0717(30)  1.0800(11)  1.0798(4) 1.0768 1.082
/(CCH®) 120.6(1) 120.3(5) 120.40(6) 120.30(6) 121.36(6) 121.22(2) 121.31 121.5
Z(Cct) 119.3(14) 118.5(18) 119.81(64)  119.70(62)  120.46(58)  120.28(21)  120.42 120.3
/(C=CH") 122.0(1) 121.6(6) 121.76(9) 121.64(10)  121.71(8) 121.50(3) 121.35 121.4
£(CCC) 122.0(1) 122.0(6) 122.33(16)  122.12(16)  122.01(16)  122.03(6) 122.39 122.1
/(CCN) 180.4(5) 179.0(10) 179.52(32)  178.40(41)  179.13(29)  179.08(11)  178.94 179.1
Ca ~0.0097(64)  —0.0253(52)
e 0.0271(85)  —0.0079(17)
Co 0.0381(89)  [0.0]
Su (0] 0.0390(73)
O’ﬁt/UA2 0.00409 0.00310 0.00288 0.00309 0.00112
Neonst 40 58 58 58 58

2All fits are to constants from single state, effective fits of the S-reduced asymmetric rotor Hamiltonian.

bVibration-rotation corrections evaluated at the CCSD(T)/6-31G(d,p) level.

“Vibration-rotation corrections evaluated at the CCSD(T)/cc-pVTZ level. Further numerical details on this structural fit are given in
Table A.2 at the end of this dissertation.

2 Ab initio equilibrium structure calculated at the CCSD(T)/cc-pVTZ level.

®Near-equilibrium structure (see text).
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Figure 5.8: The preferred rSF geometry for acrylonitrile (A and degrees) determined by using 58
experimental rotational constants and vibration-rotation corrections evaluated at the CCSD(T)/cc-
pVTZ level. Details on this structural fit are summarized in Table 5.5 in this Chapter, and in
Table A.2 of the Appendix.

Hamiltonian. When only the A-reduced constants were available, such as from
Ref. [178], those were converted to the S-reduction with the formulae from [21] and
program CONVC [17]. For the four singly substituted species studied presently an
effective ground state S-reduction fit was performed in the same way that was done
in [23]. All known rotational constants have been used in the structural fits, except
for the A rotational constant for CHD°=CHCN from [178], which appeared to be
poorly determined. The notation for the hydrogen atoms has been adopted from
[178]. The results obtained from the present data are summarised in Table 5.5. It is
seen that the two 75F geometries in Table 5.5 are very similar, in that the average
difference is below 0.0002 A in bond lengths and 0.08° in bond angles (if the poorly
determined parameters involving H® are excluded). However, the geometry obtained
with the CCSD(T)/cc-pVTZ corrections is associated with an almost three times
smaller deviation of fit. This is preferred geometry of acrylonitrile, and it is also
drawn in Fig. 5.8.

Table 5.5 lists several other geometries that are usually determined from rota-
tional data. The rq and r, geometries are simple to evaluate and are often used as a
reference point for other evaluations. These geometries have been reported in [178],
but they have been reevaluated since certain inconsistencies have been noted in the
published values. Only the available B and C rotational constants have been used in
order to circumvent the effects from the small vibrationally induced inertial defect in
acrylonitrile of 0.16 uA2. The results show, in particular, that the very small prin-
cipal b-coordinate of the H* atom (ca 0.04 A) leads to a considerable increase in the
uncertainties of r(C-H') and Z(CCH"). This effect has been considerably reduced
in the 7°Y determinations. Another, purely experimental approach to determining
equilibrium quality geometries from only the ground state rotational constants has
been in the form of the family of r,, geometries described in Chapter 2.8.3. Two
such geometries for acrylonitrile are presented in Table 5.5. These are able to ac-
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count successfully for the small inertia defect so that all rotational constants can
be fitted at an acceptable deviation of fit. The i) geometry is expected to be
somewhat more reliable owing to a better account for the localised effects on deu-
terium substitution. Nevertheless, several assumptions concerning the parameters
of fit were necessary in this case, and all values of (CH) are shorter relative to the
S structures.

5.5 Conclusions

The present measurements and analysis of the THz-region rotational spectra of
isotopic acrylonitrile should allow confident prediction of transitions for these species
over the whole envelope of the rotational spectrum for room-temperature and lower
temperatures. Some caution would still be advised for higher-THz frequencies (~ 2
THz), since the strongest lines in that region will be due to ® R-type transitions for
values of K, in the region of 20, which are the ones most involved in the g.s. <> v;; =
1 interaction. The newly determined 75¥ geometry of acrylonitrile, Fig. 5.8, is found
to be in good agreement with the CCSD(T)/cc-pVTZ ab initio geometry (Table 5.5).
In particular, there is excellent agreement on the fact that the three »(CH) bond
lengths are practically identical and that there is around 1° deviation of the CC=N
segment from linearity towards an anti (or trans) orientation relative to the C=C
bond. The present r>¥(CN)=1.1583(4) A, is consistent with rS¥(CN)=1.1592(2) A,
determined for cyanamide (Table 4.7). Finally, the preferred 5 geometry is in even
better agreement with the near-equilibrium geometry of Ref. [176]. That evaluation
is the result of extensive intercomparisons between experiment and calculation for
various small molecules and for this reason it was difficult to assess its uncertainty.
It is found that the differences between the near-equilibrium and 5% geometries are
at an average level of 0.0012 A for bonds and 0.10° for bond angles.



Chapter 6

Pyruvonitrile

6.1 Introduction

Pyruvonitrile (acetyl cyanide, Fig. 6.1, and Fig. 6.2) is a small asymmetric top
nitrile molecule containing a methyl internal rotor. Pyruvonitrile is a sufficiently
small molecule that it has already been included in studies of potential carriers of
astrophysical IR transitions [180]. Pyruvonitrile is also known to be hydrolysed
to pyruvic acid in an acidic or alkaline aqueous environment, Fig. 6.1. Pyruvic
acid itself has been identified to be an important prebiotic molecule, and if present
in the interstellar medium it could initiate the formation of primitive, vesicle-like
structures through the Galaxy, as discussed in [57, 181]. In order to facilitate a

Pyruvonitrile Pyruvic Acid

Figure 6.1: The hydrolysis of pyruvonitrile in an acidic or alkaline aqueous environment leading
to pyruvic acid.

radioastronomical search for these two compounds the recent laboratory rotational
data on pyruvic acid [57] has been augmented by analysis of the rotational spectrum
of pyruvonitrile presented in this chapter.

96
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Figure 6.2: The orientation of the pyruvonitrile molecule in the principal inertial axes and the
directions of the axes of the principal quadrupole tensor for the nitrogen nucleus. The discrepancy
between the direction of the NC bond and the quadrupolar z axis is exaggerated for clarity. The
internal rotation axis ¢ is also indicated.

The pyruvonitrile molecule has already been studied on several occasions by ro-
tational spectroscopy, mainly in the process of understanding the properties of the
methyl torsional motion (see Chapter 2.7.2). All previous studies were, neverthe-
less, limited to rotational transition frequencies of less than 40 GHz. The first study
was by Krisher and Wilson [182] and their analysis of centimeter-wave rotational
spectra of eight isotopologues of pyruvonitrile allowed the determination of a partial
molecular structure, of the barrier to internal rotation of the methyl group, and of
the gas phase dipole moment. Subsequently, much work on the rotational spectrum
of pyruvonitrile was done in the Kiel group [183]-[187]. The precision of all spec-
troscopic parameters was significantly improved and rotational transitions were also
assigned in first excited states of the two lowest frequency vibrational modes: the
methyl torsion, v5, and the CCN in-plane bend, v1o [183, 184]. The analysis of the
E-A splitting made in these works was refined further in studies of the N isotopic
species [185, 187]. Improved determination of the molecular structure was made
in [186, 188] and the vibrational spectrum was analysed in [188, 189]. In [188] the
frequency of 126.06 cm~! for the v torsional mode was measured directly in the
far-infrared spectrum, and the frequency of the v mode was found to be 176 cm ™!
[189].

In this chapter the extension of measurements and of the analysis of the ro-
tational spectrum of pyruvonitrile up to the beginning of the sub-millimeter wave
region is reported. Additional measurements at conditions of supersonic expansion
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were also made to determine precisely the electric dipole moment and the nuclear
quadrupole coupling constants for the vibrational ground state. The present work
provides sufficiently precise laboratory information for a radioastronomical search
for pyruvonitrile.

6.2 Experimental details

All measurements were carried out by using the two rotational spectrometers in
Warsaw already discribed in Chapter 3. The room temperature spectrum of pyru-
vonitrile was measured at frequencies 158 — 324 GHz with the broadband, BWO-
based, source modulation spectrometer [110] by Lech Pszczétkowski. Measurements
were made on a commercial sample used without further purification, at a sample
pressure of ca 10 mTorr.

All millimeter wave spectra were combined into a single spectrum and subjected
to analysis with the use of the AABS software package for Assignment and Anal-
ysis of Broadband Spectra. The package is briefly described in Chapter 3.3, and
in Ref. [127]. In order to deal with the internal rotation three different computer
programs have been used: SPFIT [24, 25], XIAM [60, 61] and ERHAM [63]. Descrip-
tion of these programs is given in Chapter 2.7.2. The two internal rotation programs
XIAM, and ERHAM, have been deposited by their authors on the PROSPE web-
site [17] and are freely available. Integration of ERHAM with the AABS package
was provided by the ERHASR program. The program converts ERHAM predictive
output into the form suitable for stick display with AABS. ERHASR as well as
other postprocessing programs dealing with input and output data from ERHAM
are available on the PROSPE website in the internal rotation section.

Additional measurements of some A- and F-torsional sublevel lines in the vibra-
tional ground state were also made in supersonic expansion, at 7—19 GHz, with the
cavity Fourier transform microwave spectrometer (FTMW) in Warsaw (see Chapter
3.1). The newly designed operational mode of the spectrometer using single fre-
quency conversion of the signal has been applied for the measurements. Fig. 6.3
shows a scan of a rotational transition of pyruvonitrile recorded with this method.
The scan has been synthesized from successive interferograms acquired at a rela-
tively small pump-frequency step of 0.25 MHz chosen in order to improve relative
intensity accuracy. The carrier gas was either Ar or a 2:1 He:Ar mixture, and the
latter allowed an increase in signal strength at the cost of only a minimal increase
in the Doppler doubling [77]. Pyruvonitrile concentration in the expansion mixture
was estimated to be below 2%. The backing pressure was 1.1 atm and expansion
was at a rate of 1 Hz through a 0.35 mm diameter orifice, by means of General Valve
Corp. Series 9 nozzle. All measurements with the FTMW spectrometer have been
made by the author of the dissertation.
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Figure 6.3: The 2p2 < 11 rotational transition in the ground state of pyruvonitrile recorded
in supersonic expansion in Ar carrier gas. The torsional motion of the methyl group splits the
transition into two components, for the A- and E-symmetry torsional sublevels. Each of these
is further split into a hyperfine multiplet by nuclear quadrupole coupling due to the N nucleus.
Finally, each hyperfine component is split by Doppler doubling, with an average splitting of around
17 kHz.

The data from previous work and from present measurements were fitted jointly.
Frequency measurement uncertainties of legacy data from Ref. [183, 184] were set
at 0.03 MHz, as stated for that spectrometer in [190], except that a small number
of transitions were clearly incompatible with the fits and had to be excluded. In
addition, for the first torsional state, the standard deviation of fit for the legacy
subset was considerably higher, so that the corresponding frequency uncertainties
were increased to 0.1 MHz. The current measurements were assigned frequency
uncertainties of 0.05 MHz for the MMW lines, and 0.002 MHz for the FTMW lines.
In cases when a given computer program was not capable of dealing with nuclear
quadrupole structure the fit was made to frequencies derived by subtracting the
contributions from the hyperfine structure.

6.3 Rotational spectrum

The assignment of the most prominent lines for the ground vibrational state and
the first excited states of torsional and CCN in-plane bending modes was possible
from predictions based on results of previous work [183, 184].

The nature of the millimeter wave rotational spectrum of pyruvonitrile is similar
to that of the recently studied pyruvic acid molecule [57]. The strongest features in
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Figure 6.4: Tlustration of characteristic features in the room-temperature mm-wave rotational
spectrum of pyruvonitrile and of their relative invariance over a large frequency region. The type-
II™ R-type bands for the three studied states are marked, and the first line in each band is for
J""=30 at 189 GHz, and J"=52 at 321 GHz. The A and E sublevel annotations on each band are
placed on transitions between near degenerate levels with K,=1 and 2 and illustrate the strong
vibrational dependence of E-A splitting.

the spectrum are type-1IT bands [120, 191], which consist of R-type transitions for
lowest values of K,. Bands of this type, illustrated in Fig. 6.4, occur in rotational
spectra of planar and near-planar molecules and successive lines away from the
bandhead are for increasing K, and decreasing .J. Since p, and g, dipole moment
components are sizable and of similar magnitude p, = 2.42 D, p, = 2.46 D [182], the
leading line in each band is quadruply degenerate and consists of a pair of *R- and
a pair of *R-type transitions between degenerate K, = 0 and K, = 1 levels. The
presence of the methyl torsional motion leads to observation of rotational transitions
in A and E torsional sublevels for each vibrational state. The FE-A splitting is
strongly dependent on K, and on vibrational state, as is visible in Fig. 6.4. The
quadruple degeneracy of band transitions is lifted at higher K, and, in combination
with the F-A splitting, can lead to the formation of rather spectacular equal intensity
multiplets in the rotational spectrum.

An example of such a multiplet is shown in Fig. 6.5. Finally, the analyses of
transitions in E-sublevels of the studied vibrational states was aided by the loss
of double degeneracy of transitions between levels with high values of K,. The
frequency difference between the two resulting high- K, series of lines is relatively
insensitive to J and K, as shown for R-type transitions in Fig. 5 of Ref. [57]. The
same type of behavior for )-type transitions is presented in Fig. 6.6.
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Figure 6.5: Octet of J = 24 « 23 rotational transitions in the ground state of pyruvonitrile.
The octet arises from overlap of two quartets, for the A and E torsional sublevels, each of which
consists of a pair of outer ? R-type transitions, and a pair of inner *R-type transitions. The inner
and outer transitions are of similar intensity due to almost equal magnitudes of u, and u; dipole
moment components (see Chapter 8).

The analysis of the spectrum was performed with the procedure used previously
for pyruvic acid [57] in which fits were carried out with several different computer
programs: SPFIT [24, 25], XIAM [60, 61], and ERHAM [63]. These programs have
successively increasing capabilities in fitting the effects of torsional motion in the
rotational spectrum. A brief description of these programs has been given in Chapter
2.7.2. For the initial stages of the analysis the use of single state effective fits made
with SPFIT was the method of choice due to simplicity of use and integration with
the AABS package. The A sublevel can be fitted with the standard A—reduced
Watson’s Hamiltonian in representation 1" [21], while the E sublevel can be treated
by an approximation based on the perturbation treatment of internal rotation [54].
The leading terms describing the coupling between internal and overall rotation are
in that case of the form D,J,. The internal rotation axis of the methyl group in
pyruvonitrile is in the ab inertial plane (see Fig. 6.2) so that the internal rotation
Hamiltonian defined by Eq. 2.69 has the following form

M = (Do+D!J?+DEJ+ D J*+ DIKJ2J° + DEK Y 4 )], +
(Dy+ D] 2+ DEJ" + ), (6.1)

which can be added to Watson’s rotational term. A useful summary of relations
connecting the effective constants obtained in this way with the three-fold internal
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Figure 6.6: Loomis-Wood type plot aligned on frequencies of successive K, = 17 + 16 °Q-
type transitions for the A torsional sublevel in the ground state of pyruvonitrile. Each of these
transitions for the A-sublevel, at the Av = 0 position, is doubly degenerate. The degeneracy is
lifted in the E-sublevel, giving rise to two series of transitions, identified by the two thick lines.
This lifting of the high-K, degeneracy was found to be very useful in assigning the E-sublevel
transitions in all of the studied vibrational states.

rotation potential has been given in [56]. The results of effective fits made with
SPFIT are summarised in Table 6.1.

These fits encompass the majority of the measured lines at close to experimental
accuracy, and allow confident prediction of the strongest lines in the spectrum of
pyruvonitrile. It can also be seen that significant numbers of assigned lines are ex-
cluded from the fits. In fact these fits were made to complete data sets obtained with
the use of ERHAM once the predictive properties of effective fits were exhausted.
For the effective fits a truncation criterion of 4 in v(obs.-calc.)/év on inclusion of
lines in the fits was used, where dv is the measurement uncertainty of a given line.
The lines excluded from the effective fits in this way are mostly high- K, lines, which
require a joint treatment of A and E-symmetry transitions for a given vibrational
state. Such treatment is, in principle, also possible in SPFIT [192], as well as with



Table 6.1: Spectroscopic constants from effective fits made with SPFIT for torsional sublevels in the ground,
v1g = 1, and vy = 1 states of pyruvonitrile.

gs, A

gs, B vig =1,4

vig =1, F

vig =1, A

vig =1, F

A (MHz)
B (MHz)
C (MHz)

Ay (kHz)
Ajk (kHz)
Ak (kHz)
6y (kHz)
0x (kHz)

©; (Hz)
® ;i (Hz)
@y (Hz)
D (Hz)
¢ (Hz)
dsk (Hz)
¢ (Hz)

D, (MHz)
Dy (kHz)
DX (kHz)
DJ7 (kHz)
DJX (kHz)
DEK (kHz)
DK (Hz)
DJKK (Hz)
Dy, (MHz)
Dy (kHz)
D’ (kHz)

(3/2)xaa (MHz)
(Xbb — Xce)/4 (MHz)

Kamax

Nlinesb

oay (MHz)
c

Tw

10185.86597(22)%
4157.70716(10)
3002.760177(94)

0.836735(96)
18.02136(52)
—6.6654(14)

0.276439(32)
10.68129(84)

0.001770(29)
0.22178(29)
—0.3981(10)
0.2759(17)
0.0008984(96)
0.12274(28)
0.6295(17)

—6.8574(16)
—0.23447(60)

28

583,42

0.0489
1.086

10185.13561(34)
4157.37176(10)
3002.76390(12)

10175.3382(63)
4141.8118(19)
3000.7562(10)

0.806930(97) 0.0990(11)
17.70098(39) 10.3910(63)
—6.6465(14) —4.938(17)

0.261396(34) —0.08977(62)
10.30320(71) 0.781(11)

—0.000133(28) —0.05177(40)

0.15650(25) —1.4774(30)
—0.35900(81) 1.024(12)
0.2410(15) —0.057(18)
—0.0000788(72) —0.02548(20)
0.07903(22) —1.0688(44)
0.3555(16) —6.538(36)
—11.8910(28)
7.3997(73)
2.903(18)
—0.0007461(24)
—0.005033(24)
0.002621(24)
0.0006565(71)
7.852(89)
—6.8548(17) —6.42(30)
—0.23503(59) [—0.23447]
38 25
696,18 207,186
0.0500 0.0854
1.096 1.704

10200.1858(50)
4153.3218(20)
3000.6508(10)

1.11150(80)
21.7429(60)
—6.804(13)

0.41458(43)
13.911(11)

(0]

0.9008(42)
—0.160(19)

(0]

[0]

0.4213(33)

2.497(39)

405.331(82)
—248.05(14)
—99.79(26)
0.025193(91)
0.16298(42)
—0.08458(49)
—0.02176(24)

278.45(19)
—97.04(88)
0.01562(99)

—6.6(11)
[—0.23447)

20

212,84
0.0866
1.732

10158.2181(10)
4176.36639(50)
3005.51749(49)

0.89226(35)
17.22417(94)
—6.4454(34)

0.30213(11)
10.8468(20)

0.002800(78)
0.23601(93)
—0.4844(30)
0.3012(37)
0.001420(28)
0.13343(82)
0.7118(64)

—6.826(90)
—0.363(58)

30

417,24
0.0655
1.343

10157.3575(10)
4175.67666(33)
3005.52772(31)

0.83503(11)
16.8789(10)
—6.3029(33)

0.273361(52)
10.2422(22)

[0]
0.1484(11)
—0.3764(39)
0.2702(45)
[0]
0.0704(10)
0.3387(77)

—17.752(12)
10.584(15)
—0.727(54)
—0.0008097(55)
—0.003787(54)
0.001204(77)

0.001111(55)
—16.82(93)
6.0(11)

—6.16(44)
—0.37(12)

29

457,17
0.0689
1.393

“Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant, square parentheses

enclose assumed values.

The first number is the number of fitted transitions, the second is the number of assigned transitions excluded from the fit at
the criterion of v(obs.-calc.) greater than 4 times the measurement uncertainty.
¢Unitless deviation of the weighted fit.
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BELGI [53], but it was preferred to use XIAM and ERHAM, which were already
intercompared in a study of relative merits of such programs made for pyruvic acid
[57]. The results of using XIAM and ERHAM are presented in Table 6.2. Both
programs use the rho axis method (RAM) although XIAM (Chapter 2.7.2) is lim-
ited in the selection of minor distortion terms and for this reason it was only used
for the ground state. In that case the program was also not able to deal success-
fully with highest-J Q-type transitions, which had to be excluded from the fit. In
view of the small number of adjustable parameters the resulting fit is, nevertheless,
deemed to be quite successful. The V3 barrier (Eq. 2.68) for pyruvonitrile is cur-
rently determined at 404.87(9) ecm™!, which compares well with previous values of
423(10) em™! [182], 411.8(5) em™" [184], and 399.8 cm™' [188]. The Vg parameter
was not determinable from the current ground state data set, and the reduced bar-
rier height (Eq. 2.71), s = 33.57, is very similar to s = 33.68 from fit to only the
cm-wave data [183]. It is also interesting to note that the three internal rotation-
overall rotation distortion constants (see Eq. 2.73) with values A, = 0.1302(35),
Agm = —0.505(18), 6,, = 0.0654(33) are currently very similar to those for pyru-
vic acid, Ay, = 0.1524(15), Ak, = —0.4570(54), §,, = 0.0730, all in MHz [57],
suggesting that the underlying effects in both molecules are very similar.

The best results were obtained with the effective rotational Hamiltonian embod-
ied in ERHAM [63]. The use of this program also allowed the range of E-symmetry
transitions to be significantly extended. Like SPFIT, the ERHAM program can be
used within the framework of the AABS analysis package, as detailed in [17]. The
results summarised in Table 6.2 for the three studied vibrational states show that
it was possible to account in the fits for practically all of the confidently assigned
lines in the spectrum. The deviations of fits vary, but for the ground state the fit is
close to within the estimated uncertainties, as the weighted deviation of fit is close
to unity. The deviations of fit are higher for the two vibrationally excited states, al-
though this mostly results from the generally poorer deviations for the E-symmetry
lines. Thus for v;3=1 the subset deviations are 0.062 and 0.086 MHz for A- and
E-symmetry lines, respectively, and for the excited torsional state vig=1 the cor-
responding values are 0.070 and 0.187 MHz. These fits are found to be somewhat
poorer than for pyruvic acid, which was initially surprising since in that case the
barrier to internal rotation is lower at 336.36(5) cm™!, Ref. [57]. However, in the
case of pyruvonitrile the rotational constants are greater, the K-dependent quartic
centrifugal distortion constants are an order of magnitude greater, and many sex-
tic constants are two orders of magnitude greater. In spite of these challenges the
reported fits demonstrate a high degree of consistency of the fitted values of quar-
tic and sextic centrifugal distortion constants among the three vibrational states.
This is an excellent testimonial for the physical sensibility of the fits. The values
of the quartic constants are also in very good agreement with calculation based on
an ab initio harmonic force field, see Table 6.3. Furthermore the fitted values for
the rho axis parameters p and S for the ground and the first excited torsional state
are very close to each other. On the other hand p and g for the in-plane bending
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Table 6.2: Spectroscopic parameters of pyruvonitrile in the ground and first
excited states of the 115, and 11g normal modes.

XIAM ERHAM

gs, A+ FE gs, A+ FE vis=1,A+FE vig =1, A+ FE

A (MHz)
B (MHz)
C (MHz)

Ay (kHz)
Ajk (kHz)
Ag (kHz)
6y (kHz)
0x (kHz)

®; (Hz)
;i (Hz)
Qp; (Hz)
P (Hz)
¢y (Hz)
sk (Hz)
¢ (Hz)

V3 (cm™1)

Ajm (MHZ)
Agm (MHz)
om (MHz)

B (deg)

Kamax
Nlinesb
ony (MHz)

Ow

10185.38569(47)
4157.56160(20)
3002.68048(20)

0.81491(14)
17.81484(51)
—6.6372(18)

0.265390(43)
10.42615(82)

0.000172(35)
0.17767(35)
—0.3657(10)
0.2569(18)
0.0000775(92)
0.09046(26)
0.4454(21)

404.867(90)

0.1302(35)
—0.505(18)
0.0654(33)

0.040791(14)
34.492(10)

38(A),38(E)
1130,90
0.0786
1.628

e1(MHz)
B0101¢
B001; (MHz)
B200; (kHz)
B020; (kHz)
B002; (kHz)
B210; (kHz)
B201; (kHz)
B021; (kHz)
B012; (kHz)
B030; (kHz)
B003; (kHz)
(kHz)
(kHz)
(kHz)
(kHz)
(H
(H
(
(

(MHz)

B202; (kHz
B220¢ (kHz
B022;
B400¢
B040,
B0044¢
B222;
B0244

kHz
kHz
z)
2
mHz)
Hz)

m

e2(MHz)
B010, (kHz)
B200, (kHz)

10185.37774(26)
4157.48341(11)
3002.76275(11)

0.816733(84)
17.80532(26)
—6.6543(10)

0.266340(26)
10.42700(48)

0.000451(21)
0.17658(16)
—0.37141(51)
0.2519(10)
0.0002183(54)
0.09265(15)
0.4374(10)

—100.798(98)
0.469(18)

0.517(45)
16.87(51)

0.788(29)
—0.0611(56)

—0.1430(73)

—0.0000619(74)
—0.003780(96)

—0.0774(49)

0.855(36)

0.041280(57)
32.583(55)

38(A),38(F)
1216,4
0.0528
1.029

10191.8472(22)
4149.5333(13)
3000.69275(94)

0.82116(74)
17.7760(28)
—6.326(11)

0.26927(38)

9.8403(60)

0.00142(22)
0.1598(21)
—0.3212(84)
0.188(19)
0.00056(11)
0.1006(22)
0.322(18)

3571.1(15)
—27.80(30)
—162.188(95)
23.87(45)
—1061.7(91)

4.06(10)
35.54(44)
—37.8(42)
1.148(69)
13.85(11)
17.94(47)

0.1381(11)

0.1382(48)
—0.00077(12)
120.0(55)

—12.8(12)

13.41(14)

7.43(15)

0.041534(24)

32.116(25)

27(A),20(E)
679,16
0.1348
2.527

10157.64443(76)
4175.90448(37)
3005.52426(35)

0.85288(25)
16.99686(63)
—6.3501(24)

0.282212(89)
10.4415(13)

0.000567(56)
0.17910(61)
—0.4144(21)
0.2845(27)
0.000253(21)
0.09043(51)
0.4654(43)

—219.32(28)
1.604(24)

66.85(69)
1.315(34)
—0.1367(91)

—0.700(13)

—0.00998(21)
—0.01137(32)

—1.985(38)
15.2(19)
—0.495(23)
0.033956(44)
39.351(58)

30(A),29(E)
906,11
0.0735
1.433

“The label Bkpr, defines tunneling parameters in the effective rotational Hamiltonian
analogous to the scheme in Ref.[63], where k, p, r define the powers of the associated angular
momentum operators, J*, J? and JiL + J, and ¢ is the localised state label.

The first number is the number of fitted transitions, the second is the number of assigned
transitions excluded from the fit.



CHAPTER 6. PYRUVONITRILE 106

Table 6.3: Comparison of experimental and calculated values (kHz)
of quartic centrifugal distortion constants for pyruvonitrile.

Exp. Calc.®
AY 0.816733(84) 0.7538
Ajk 17.80532(26) 17.36
Ax —6.6543(10) —6.110
oy 0.266340(26) 0.2449
0K 10.42700(48) 10.05

?Calculated with the VIBCA program [17] from the unscaled B3LYP/6-
31G(d,p) harmonic force field evaluated with the PC-GAMESS version [94] of
the GAMESS (US) QC package [95].

bCentrifugal constants in A reduction and I" representation of Watson’s
asymmetric rotor Hamiltonian.

satellite are appreciably different from those for the ground state. Similar behavior
has been found for the vy, in-plane scissor mode in acetaldehyde [193], for which
p=0.030903(9) is appreciably smaller than p=0.3334654(7) for the stack of torsional
states. It is reasonable to expect that a normal mode active in the plane containing
the rotation axis of the methyl group will have an appreciable effect on the coupling
of the torsional motion with rotation. The scope of the data set and the precision
of fit for the ground state of pyruvonitrile are presented in the distribution plot in
Fig. 6.7. R-type transitions have been confidently assigned up to K, = 38, and
@-type bands up to K, = 25 < 24, for both A- and E-sublevel transitions.

6.4 Nuclear quadrupole coupling

Hyperfine structure in the ground vibrational state was measured in supersonic
expansion for 16 different rotational transitions (“R-, *R-, and °Q-type). The newly
measured hyperfine components numbered 68 for the A sublevel and 67 for the E
sublevel, and in the global fit their frequencies were reproduced to standard deviation
of 2.3 kHz for each of these sublevels. The resulting nuclear quadrupole splitting
constants, see Table 6.1, are almost identical for the two sublevels, as could have
been expected from the very similar patterns apparent in the spectrum in Fig. 6.3.
The various derived splitting constants are listed in Table 6.4 and an improvement
in precision relative to previous work of about two orders of magnitude is visible.
The nitrile group is at an angle of about 5° relative to the a inertial axis (Fig. 6.2)
so that the off-diagonal splitting constant y,, is non-zero. Regrettably its value
is small and it could not be determined in the fit. It was, however, possible to
estimate Y4, with considerable confidence on the basis of ab initio calculations. All
levels of such calculation predicted x. ~ 0.5 MHz when their results were scaled
with a single scaling factor chosen for optimum reproduction of the experimental
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Figure 6.7: Distribution plot of v(obs.-calc.) /o for the ground state transitions of pyruvonitrile
resulting from the ERHAM fit. o is the frequency measurement uncertainty of a given line, and
symbol size is proportional to the magnitude of the plotted quantity. Open circles denote v(obs.-
calc.) outside the 3¢ bounds.

splitting constants. The assumed value for x,;, used in Table 6.4 has been assigned
an uncertainty that is about three times larger than the spread of the calculated
values. The inertial quadrupole tensor can be diagonalized to yield the principal
quadrupole tensor and the rotation angles between the inertial principal axes system
and the quadrupole axes system. One of these angles 6., is shown in Fig. 6.2.
Diagonalization of the inertial quadrupole tensor results in 6,, = 4.6(9)°, which is
close to the structural angle between the nitrile group and the a-axis Z(CNa)= 4.86°
calculated at the B3LYP/6-31G(d,p) level. The derived values for the components
Xzz, Xyys Xz= Of the principal nuclear quadrupole splitting tensor and of the nuclear
quadrupole asymmetry parameter n are summarised in Table 6.4.

It is notable that 7 in pyruvonitrile is rather large and positive. This is in con-
trast to the often made assumption that the field gradient around the nitrogen in the
nitrile group is cylindrical, namely that n = 0. This assumption, while useful in the
analysis of spectroscopic data, has rarely been tested owing to the small value of the
nuclear quadrupole for the nitrogen atom. Nonetheless, it is found that for benzoni-
trile n = —0.0802(4) [195] (value precise by symmetry) and for 2-chloroacrylonitrile
n = —0.060(2) [196] (determination enhanced by a suitable perturbation). The posi-
tive value of 7 close to 0.2 (see Tab. 6.4) seems to be characteristic of a nitrile group
attached to a carbonyl group. Similar values are calculated for formyl cyanide,
HC(C=0)CN, and carbonyl cyanide O=C(CN),, and are consistent with inertial
nuclear quadrupole coupling constants determined for those molecules [197, 198].
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Table 6.4: Nuclear quadrupole coupling constants for the N nucleus in
the A torsional sublevel of the vibrational ground state of pyruvonitrile

Ref.[183] This work CCSD(T)/  B3PW91/
6-31G(d,p)*  6-311++G(3df,3pd)
Xaa (MHz) — —4.34(7) —45716(11)  —4.595 —4.603
xw (MHz)  2.03(31) 1.8169(13)  1.746 1.660
Xee (MHz)  2.31(31) 2.7547(13)  2.839 2.943
Xab (MHz) [—0.52(10)]  —0.526 —0.491
Xz- (MHz) —4.37 —4.614(16)  —4.638 —4.641
Xoo (MHz)  2.06 1.860(16) 1.789 1.698
Xyy (MHz)  2.31 2.7547(13)  2.839 2.943
e 0.06 0.1942(36)  0.226 0.268
0.0 /deg 4.6(9) 471 4.46

“Calculated with CFOUR [96] by using Q(**N)=0.02044(3) barn [194] and fur-
ther scaled with the factor 1.3177 chosen for the best average reproduction of the
experimental diagonal quadrupole coupling constants.

bCalculated with PC-GAMESS at the 7, geometry from Ref. [188], and scaled by
the calibration factor of 4.546 MHz/au determined in Ref. [103].

“Nuclear quadrupole asymmetry parameter, 7 = (Xoz — Xyy)/Xz2-

dRotation angle between inertial and principal nuclear quadrupole tensors.

A popular rationalisation of the values of 17 has been in terms of the difference be-
tween the 7 character for the bond to the quadrupolar atom considered along the
x and y principal quadrupole axes (p. 764 of Ref. [12]). In Table 6.4 two popular
approaches used in computing nuclear quadrupole splitting constants are compared.
The scaled values computed at the CCSD(T) level result in the best reproduction
of the experimental results. The second calculation is at one of the levels of compu-
tation that were designed to provide optimum reproduction of nuclear quadrupole
coupling constants for the *N nucleus and were calibrated in Ref. [103]. The second
procedure is, in principle, more satisfactory in that it is based on a calibration factor
determined from a fit to experimental data for many molecules and reproduces Y,
to within its cited calibration accuracy of 33 kHz. On the other hand the value
calculated for n, and for the other diagonal quadrupole constants, is further from
experiment than in the CCSD(T) estimate.

6.5 Conclusion

The present investigation considerably extends the coverage of the rotational spec-
trum of the pyruvonitrile molecule. Previous measurements for the ground vibra-
tional state were limited to J=12, K,=3, whereas the present data set is bounded
by J=65, K,=38. The use of the simple, effective fits made with the familiar SPFIT
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Table 6.5: Comparison of values derived for the angle 6;, (degrees) between
the internal rotation axis and the inertial a axis in pyruvonitrile.

Eq.(6.2) Eq.(6.3) ERHAM XIAM cale.®
gs. 58.28(29)°  58.94(7) 57.43(6) 59.28(1) 59.86
ns =1 59.35(2) 59.11(4) 57.03(3)
va=1  66.54(116)  65.33(2) 63.37(5)

®The angle between the C—CHjs axis and the a axis from the B3LYP/6-31G(d,p) geom-
etry.

program satisfactorily reproduces the majority of the transitions in the spectrum,
and should be more than adequate for generating linelists for astrophysically relevant
rotational temperatures. Application of the more specialised programs for dealing
with internal rotation encompasses a larger number of lines, although such lines are
mostly at the outer limits of the data set. Even though the approaches used in the
three programs tested on the data for the ground state are different, it is possible
to demonstrate their essential equivalence. In the present case the internal rotation
axis, 7, is in the ab inertial plane (see Fig. 6.2) so that the perturbation treatment
connecting the parameters of single state fits [56] leads to two simple expressions

A D,
tan Hi.a = ED—G (62)
AlaB\"”
tan; , = B <—AA> (6.3)

for the orientation angle 0; ,. AA and AB are rotational constant differences between
the A- and E-symmetry sublevels. A and B are ’true’ structural rotational constants

A = %(AA + QAE)
B = %(BA n QBE) (6.4)

calculated from the effective constants for the two sublevels (see Eq. 2.72).

The values of not only the rotational constants, but also of the major centrifugal
distortion constants in Tables 6.1 and 6.2, are seen to obey the type of averaging
described by the above equations satisfactorily enough. The values for 6;, deter-
mined in different ways are compared in Table 6.5 and are seen to be consistent to
within a few degrees. The angles for the ground state from XIAM and ERHAM are
quite similar while the ERHAM values for all states are systematically smaller than
those from the effective fits.

Several other quantities derived from the internal rotation analysis made with
ERHAM are also listed in Table 6.6. The ground state and first torsional excited
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Table 6.6: Comparison of values derived for selected parameters resulting
from the internal rotation analysis for pyruvonitrile.

g.S. V18 = 1 V12 = 1
Egr — Ea® (MHz) 302.38(30) —~10753.7(48) 663.94(93)
I,° (uA?) 3.206(2) 3.2055(7) 2.915(2)
F° (GHz) 163.746(97) 163.830(35) 178.93(13)

%The energy difference between the E-symmetry and the A-symetry sublevels.

bMoment of inertia of the methyl rotor, which can be compared with 3.205 uA?2
from the B3LYP/6-31G(d,p) geometry.

“Reduced rotational constant of the methyl group defined in Eq. 2.67.

state E-A sublevel separations of 302.4(3) and —10754(5) MHz, respectively, are
appreciably smaller than 723.6(4) and —21579(37) MHz for pyruvic acid [57], which
is consistent with a higher internal rotation barrier in the present molecule.

The fitted values for the moment of inertia of the internal rotor, I, (Chapter
2.7.2), in the ground and first excited torsional state are almost identical to that
from the ab initio calculated geometry. On the other hand the considerable decrease
in the value for the excited state of the in-plane bending mode, v;5 = 1, indicates
that a more refined two dimensional analysis should probably be used in further
work. From the measured spectra it was possible to assign A-symmetry transitions
in the first excited state of the out-of-plane CCN bending mode, vy; = 1 (at 245
ecm™! Ref. [189]), and the second excited state of the torsion, v;g = 2. All of these
transitions are found to be strongly perturbed and their analysis will require careful
consideration of interstate interactions.



Chapter 7

Phenylacetylene

7.1 Introduction

The mid-IR astronomical spectra of sources associated with dust and gas are dom-
inated by the emission-features which might be produced by mixtures of highly
vibrationally excited polycyclic aromatic hydrocarbons (PAHs) and closely related
species [199]. Phenylacetylene as a fundamental hydrocarbon derivative of benzene
is implicated in chemical reaction networks associated with formation of PAHs in
combustion and in the interstellar medium (ISM) [200]. Many different studies on
the formation of phenylacetylene at astrophysically relevant conditions showed that
it can be formed from benzene by impact shock [201] or collisions with the ethynyl
radical (H-C=C-) [200]. It can also be formed by photochemical reactions from
acetylene [202], vinylacetylene [203], or 1,3-butadiene [204]. Furthermore, pheny-
lacetylene has been formed in a mixture of gases simulating the atmosphere of Sat-
urn’s moon Titan [205], and studies of phenylacetylene in [200, 203, 204] were, in fact,
also motivated by the desire to explore the rich hydrocarbon chemistry expected to
be present on Titan. Phenylacetylene has a non-vanishing permanent dipole moment
and is thus attractive as a potential radioastronomy marker of unsaturated, or even
polyaromatic hydrocarbon chemistry, and is postulated to be relevant to the ISM
[206]. The available laboratory data concerning the rotational spectrum of pheny-
lacetylene is insufficient for radioastronomical detection applications, especially at
the promising mm-wave frequencies. The work on phenylacetylene presented in this
chapter aims to remedy this situation.

The rotational spectrum of phenylacetylene was first studied by Zeil et al. [207],
and their survey investigation was followed by a much more detailed study of Cox
et al. [208]. Rotational constants were obtained for seven different isotopic species
leading to a determination of the molecular structure. The electric dipole mo-
ment, u = p, = 0.656(5) D, was also determined, and is appreciably higher than
0.375(10) D for toluene [209]. More recently, a much more extensive determination
of the structure of phenylacetylene by means of FTMW rotational spectroscopy was

111
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Figure 7.1: The molecular structure of phenylacetylene, and its orientation in the principal
inertial axes.

carried out by Dreizler et al. [87] on the basis of rotational constants obtained for
39 different isotopic species. Nevertheless, the frequency coverage of all of these
investigations did not extend beyond 40 GHz and no excited vibrational state tran-
sitions were assigned. In this chapter a thorough analysis of rotational transitions
in the ground and two excited vibrational states at frequencies of up to 340 GHz is
presented.

7.2 Experimental details

All measurements were carried out with the two rotational spectrometers in Warsaw.
The room-temperature spectrum was measured at 90 — 340 GHz with the broad-
band, source modulation spectrometer described in Chapter 3.2. Two Istok BWO
sources, OB-24 and OB-30, were used for measurements at 175 — 340 GHz. The
region 90 — 140 GHz was covered with a harmonic multiplication source, from Vir-
ginia Diodes Inc., which generated the 12! harmonic of the driving frequency from a
microwave synthesizer. Measurements were performed on a commercial sample used
without further purification and at a sample pressure of up to 10 mTorr. Additional
measurements of some low-.J transitions not covered in [87] were made in supersonic
expansion, at 7—19 GHz, with the cavity Fourier transform microwave spectrometer
(FTMW) in Warsaw (Chapter 3.1). The expansion mixture was prepared by using
vapour from above a liquid sample of phenylacetylene over which Ar carrier gas was
passed at a backing pressure of 1.1 — 1.3 atm. Rotational lines of phenylacetylene
were observed with sufficient signal-to-noise ratio after 100 — 200 gas pulses, depend-
ing on the strength of the rotational transitions. In these measurements there were
usually 10 microwave pulses applied to a single molecular pulse.

The many individual millimeter wave spectra recorded during this work were
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Figure 7.2: The measured (top) and the simulated (bottom) rotational spectrum of phenylacety-
lene. The ground state transitions give rise to an n=2, type-II'" band of R-type transitions, which
is characteristic of planar molecules. Values of .J” are indicated on the diagram and successive
transitions away from the bandhead decrease by 1 in J and increase by 1 in K,. Similar bands for
the two lowest excited vibrational states, va4 = 1 and vsg = 1, are strongly distorted by Coriolis
perturbation between these states.

combined into a single spectrum and subjected to analysis with the use of the AABS
software package (Chapter 3.3). The ground state data from previous work and from
present measurements were fitted jointly by using the ASFIT/ASROT package [17],
while the SPFIT/SPCAT package [24, 25] was used for the analysis of vibrationally
excited states. Frequency measurement uncertainties of 2 and 50 kHz were assumed
for supersonic expansion, and room-temperature measurements, respectively.

7.3 Rotational spectrum

The mm-wave region rotational spectrum for the ground state of phenylacetylene
was predicted with accuracy sufficient for assignment by augmenting the rotational
constants from previous work with quartic centrifugal distortion constants calculated
from an ab initio harmonic force field. The high-.J, ¢ R-type transitions for a planar
molecule are known to coalesce into strong bands, called type-II bands, with an
interband frequency spacing of close to 2C'. This nomenclature has been proposed
by Borchert [210] who identified the initial stage of such band formation. The
properties of this type of band were investigated in more detail in the spectrum of
chlorobenzene [211], and a comprehensive classification was proposed in [120, 191].
An example type-II band in the spectrum of phenylacetylene is shown in Fig. 7.2.
The strongest and leading line in a band of this type consists of doubly degenerate
transitions with K, = 0,1. Successive lines along the band are for values of J
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Figure 7.3: Distribution plot of values of obs.-calc. differences in the S-reduction fit for the
ground state of phenylacetylene. Circle diameters are proportional to the absolute value of the
difference and the largest circles correspond to values of 0.20 MHz. The data subsets for Stark

spectra from Ref. [208] and supersonic expansion FTMW spectra from Ref. [87] are marked.

decreasing, and of K, increasing in steps of 1. For positive D i the lines normally
evolve from the bandhead to higher frequencies, although the line pattern is quite
sensitive to the value of the inertial defect. The changes on vibrational excitation
are, nevertheless, fairly moderate and normally do not prevent assignment. A typical
situation is depicted for fluorobenzene in Fig. 1 of [212]. In phenylacetylene, on the
other hand, while the presence of strong satellite lines in the spectrum was obvious,
their assignment was not possible until a prediction was made on the basis of the
expected strong Coriolis perturbation between the two lowest excited vibrational
states.

7.4 Ground state

Measurements of ground state lines were extended up to 340 GHz with some care
being taken to obtain a balanced coverage of the values of J and K, quantum num-
bers, as shown in Fig. 7.3. For the analysis Watson’s reduced asymmetric rotor
Hamiltonian [21] was used, in both A- and S-reductions. The results of fit are sum-
marised in Tables 7.1 and 7.2. The present data set allows determination of the
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Figure 7.4: Examples of the two lowest frequency normal modes 124 and v3¢ in phenylacetylene.
The vibrational motions are indicated by the red vector arrows. The vectors are unweighted
eigenvectors calculated with VIBCA and VECTOR [17] from the B3LYP/6-31G(d,p) harmonic
force field evaluated with the PC-GAMESS version [94] of the GAMESS package [95].

complete sextic level Hamiltonian, with the exception of Hgx. The remaining two
constants with only the K dependence, namely A and D, are also determined with
smaller precision than other constants in the same order of the Hamiltonian. This
is simply because phenylacetylene is a rather prolate molecule (kx = —0.85), while
only “R-type transitions are available for measurements. A single, weak, “Q-type
transition, 8,7 < 8; 5 was actually measured in [87] and confirmed in the present
measurements. However, confident measurement of further lines of this type was
not possible, probably due to insufficient microwave excitation power in the FTMW
spectrometer. The overall deviation of the fit of close to 27 kHz for the ground
state is very satisfactory and reflects the relatively rigid nature of the molecule. The
S-reduction fit is slightly more successful, and also the values of correlation coeffi-
cients for this fit are generally lower. The quartic centrifugal distortion constants
determined with both fits are in good agreement with values derived from various
calculated harmonic force fields, see Table 7.3.

7.5 Vibrationally excited states

A comprehensive study of the vibrational spectrum of phenylacetylene was carried
out by King and So [213], who also proposed the normal mode assignment. This was
correct except for the two lowest frequency vibrational modes, which were reassigned
on the basis of additional information from laser fluorescence spectra [214]. The
final picture was confirmed by ab initio calculations [215, 216] and further normal
mode analyses of phenylacetylene in comparison with related molecules [217, 218].
Phenylacetylene is a molecule of Cs, symmetry and it has two low frequency B-
symmetry normal modes associated with distortion of the —C=CH group in relation
to the phenyl ring, Fig. 7.4. Since there has been some confusion in the literature on
the assignment of By and By symmetry for planar Cy, molecules, it is useful to recall



Table 7.1:

Spectroscopic constants for phenylacetylene obtained by using the A-reduced form of the rotational Hamiltonian

Solution I Solution II
g.S. Voyq = 1 V3 = 1 Vg4 = 1 V3 — 1

A (MHz) 5680.3433(19)* (Aaq + Ase)/2 (MHz) 5679.62201(65) 5679.62089(65)

(Agq — Ase)/2 (MHz) —3.60(13) 3.16(14)
B (MHz) 1529.742116(24) B (MHz) 1531.433932(77) 1532.609669(87) 1531.433742(77) 1532.609522(92)
C (MHz) 1204.955065(21) C (MHz) 1206.771426(61) 1205.795275(72) 1206.771561(61) 1205.795396(75)
Ay (kHz) 0.0422679(74) 0.0429307(29) 0.0431651(32) 0.0429290(29) 0.0431658(32)
Ak (kHz) 0.982468(53) 0.99117(35) 0.94655(35) 0.99254(37) 0.94493(38)
Ak (kHz) 0.2139(43) [0.2139] [0.2139] [0.2139] [0.2139]
0 (kHz) 0.0101710(27) 0.0102342(18) 0.0105225(22) 0.0102324(18) 0.0105219(23)
0k (kHz) 0.62427(37) 0.62358(24) 0.62421(20) 0.62342(24) 0.62420(21)
®; (Hz) 0.00000189(36) [0.00000189] [0.00000189] [0.00000189] [0.00000189]
D i (Hz) 0.001659(20) 0.001474(12) 0.001919(13) 0.001481(12) 0.001918(13)
Oy (Hz) —0.009308(72) —0.006207(57) —0.012610(65) —0.006801(57) —0.012173(58)
Oy (Hz) [0.0] [0.0] [0.0] [0.0] [0.0]
¢y (Hz) 0.00000071(15) [0.00000071] [0.00000071] [0.00000071] [0.00000071]
dsx (Hz) 0.000822(16) 0.0008513(68) 0.0007352(69) 0.0008356(67) 0.0007489(70)
ok (Hz) 0.00760(38) 0.00773(22) 0.00997(26) 0.00804(22) 0.00972(26)

AFE (MHz) 461378.80(49) 461378.65(50)

AFE (cm_l) 15.389938(16) 15.389933(17)

G, (MHz) 9547.8(32) 9710.0(33)

Gg (MHz) —0.0048495(89) —0.0047536(79)

F,. (MHz) —0.4761(26) —0.3518(24)

bec{ (MHz) —0.00000394(48) —0.00000570(45)
Niines” 783 1006 1006
ot (kHz) 27.3 36.1 36.8
ow® 0.6156 0.7216 0.7367

?Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant, square parentheses enclose assumed values.

*The number of distinct frequency transitions used in the fit.
¢Unitless deviation of the weighted fit.

ANHTALHAOVIANHHd "2 HALdVHO

91T



Table 7.2: Spectroscopic constants for phenylacetylene obtained by using the S-reduced form of the rotational Hamiltonian

Solution I Solution II
g.S. Voq = 1 V3g = 1 Voyq = 1 V3g = 1

A (MHz) 5680.3428(19) (Ag4 + Ase)/2 (MHz 5679.61958(66) 5679.61909(67)

(Aga — Ase)/2 (MHz —3.16(15) 2.69(16)
B (MHz) 1529.740864(24) B (MHz) 1531.42995(12) 1532.607433(91) 1531.43009(12) 1532.607195(98)
C (MHz) 1204.956302(21) C (MHz) 1206.774758(83) 1205.797824(82) 1206.774716(88) 1205.797925(84)
D (kHz) 0.0305185(32) 0.031278(15) 0.031230(15) 0.031248(15) 0.031262(15)
Dk (kHz) 1.053136(36) 1.0482(17) 1.0311(17) 1.0541(16) 1.0250(16)
Dy (kHz) 0.1557(43) [0.1557] [0.1557] [0.1557] [0.1557]
dq, (kHz) —0.0101727(27) —0.0101983(32) —0.0105613(21) —0.0102080(32) —0.0105533(23)
do (kHz) —0.0058781(34) —0.0057792(99) —0.0059803(86) —0.0058034(99) —0.0059588(86)
Hjy (Hz) —0.00001258(14) —0.00001139(48) —0.00001392(48) —0.00001221(46) —0.00001302(46)
H;x (Hz) 0.0012034(15) 0.0009959(41) 0.0013410(41) 0.0009861(40) 0.0013523(40)
Hyy (Hz) —0.007502(13) —0.004840(58) —0.009931(42) —0.004949(44) —0.009921(27)
Hy (Hz) [0.0] [0.0] [0.0] [0.0] [0.0]
h1 (Hz) —0.00000050(13) [—0.0000005] [—0.0000005] [—0.0000005] [—0.0000005]
he (Hz) 0.00000737(15) 0.00000427(32) 0.00000903(30) 0.00000517(31) 0.00000819(30)
hs (Hz) 0.000001323(51) 0.00000009(10) 0.00000252(10) 0.00000046(10) 0.00000223(10)

AFE (MHz) 461374.94(53) 461375.73(55)

AFE (cm’l) 15.389811(18) 15.389838(18)

G, (MHz) 9558.6(37) 9698.9(39)

Gg (MHz) —0.004481(39) —0.004510(38)

Fy. (MHz) —0.4245(24) —0.3195(37)

Fb{f (MHz) —0.00000835(21) —0.00000773(19)
Mines 783 1006 1006
ot (kHz) 26.9 38.2 38.4
Ow 0.6065 0.7637 0.7679
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Table 7.3: Comparison of experimental and calculated values of selected force
field dependent parameters for phenylacetylene

Exp. Calculated

This work B3LYP? MP2® MP2b Ref.[215)¢
A (kHz) 0.042268(7) 0.0396 0.0391 0.0392 0.0420
Ak (kHz) 0.98247(5) 0.894 0.902 0.901 1.0475
Ak (kHz) 0.214(4) 0.265 0.239 0.244 0.1474
0y (kHz) 0.010171(3) 0.00954 0.00943 0.00946 0.0100
0 (kHz) 0.6243(4) 0.568 0.572 0.571 0.6493
(54,36 0.8393(3) 0.8296 0.8397 0.8381 0.84
AE (em™1)  15.38994(2) 13.8 19.6 18.0(9.6%) 16
A€ (u A?) 0.07875(3) 0.0939 0.0432 0.0486

“From unscaled harmonic force field evaluated with the 6-31G(d,p) basis set by using
PC-GAMESS.

From unscaled harmonic force field evaluated with the 6-31G(d,p) basis set by using
CFOUR [96].

“From multiscaled harmonic force field evaluated at the HF/4-21G level.

4Value inclusive of anharmonic corrections.

¢Ground state inertia defect, A; = I, — I, — I.

a IUPAC recommendation on this matter [219]. Accordingly, the x axis is chosen
to be perpendicular to the plane of the molecule, such that the o,(zz) plane in the
present case becomes the ac inertial plane. The in-plane and out-of-plane modes
that are antisymmetric with respect to the Cy operation are therefore assigned to
be By and Bj species, respectively.

The lowest frequency normal mode in phenylacetylene is the out-of-plane, B
symmetry mode vy, for which only an approximate wavenumber (140 cm™') is
available experimentally [214]. The next higher mode is the in-plane, By symmetry
mode 136, with a much more confident experimental wavenumber of 151.9 cm™!
[214]. The next higher modes are o3 (B, 349 cm™!), 116 (Ay, 418 cm™1), and
vz (Aq, 465 cm™') [213], so that the most prominent excited state features in the
room-temperature rotational spectrum will be due to transitions in v9y = 1 and
v3g = 1. The two states are sufficiently close in energy that their mutual interaction
has to be considered. The type of interaction is determined by the symmetry of the
interacting modes. The 15, mode belongs to the By irreducible representation of the
Cs, symmetry point, and v3¢ to the By irreducible representation. According to Eq.
2.50 we have By ® By = Ay and since A, is the species containing the rotation about
the z-axis, then Coriolis interaction about the a inertial axis will be possible. The
Hamiltonian for the coupled fit of the two states is in standard 2 x 2 block form (see
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Figure 7.5: Nuclear spin statistical weights in the milimeter-wave rotational spectrum of pheny-
lacetylene (frequency in MHz). The doublets are transitions 444 41 < 434 40 (left component) and
443 41 + 43340 (right component), in a given vibrational state, which would be of similar inten-
sity without the presence of statistical weights. For the ground state the transitions for even and
odd K, carry weights 5:3 respectively, which are reversed in B-symmetry states. The reversed
weights between the ground state and the two excited states confirm that the latter are both of
B-symmetry.

Eq. 2.49) and is for this case given by:
24) 24,36)
Hid  He
H = , (7.1)
T VAN )
and contains the pure rotational, Watsonian terms for the two vibrational states,
Hmt and ’Hmt on the diagonal, augmented by the vibrational energy difference

AFE = E36 — Es4. The connecting, off-diagonal Coriolis term (see Eq. 2.51) for the
voq = 1 <> v3g coupling in phenylacetylene is given by

HEWD = i(Ga+ G+ GRS+ ).
+(Fbc+Fbﬂj2+Flfc(jz2+-”)(jwjy+jyjzv)- (7.2)

The coupling constant G, is related to the Coriolis coefficient (3, 35 connecting
the two modes by

Ga = A (336 [V (waa/wss) + v/ (wss/wad) |- (7.3)

Results of ab initio computations in [215] and of those carried out presently al-
lowed an initial estimate of G, &~ 9500 MHz to be made. Once this was incorporated
into the predictions, the pattern of excited state lines, as marked in Fig. 7.2, became
recognizable.
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The presence of two pairs of symmetry equivalent hydrogens in the phenylacety-
lene molecule (Fig. 7.1) gives rise to differing nuclear statistical weights for different
rotational levels. Similarly to cyanamide (Chapter 4) the rotational transitions for
the same K, quantum number for vibrational levels of different symmetry carry re-
versed nuclear statistical weights. Using equations 4.1, and 4.2 the statistical weight
ratio g®/g® is 5/3, so that line intensities in the rotational spectrum carry nuclear
spin statistical weights of 5:3. As a consequence a reversal in the weights between
the ground state and B-symmetry excited states for the same rotational transitions
is observed, and is illustrated in Fig. 7.5. This also provides confirmation of the
assignment of the excited state lines to two B-symmetry vibrational states.

Once the initial assignment was made, the analysis turned out to be fairly
straightforward, since the interaction between the two states was found to be very
well described by only a limited number of constants in Eq. 7.2. It was possible
to assign lines for a similar distribution of quantum number values to that shown
in Fig. 7.3 for the ground state, except that owing to decreasing line intensity the
upper limit on K, was around 50.

The results of the final fits are also summarised in Tables 7.1, and 7.2. In
contrast to the ground state the A-reduced fits are slightly more successful than the
S-reduced fits, in line with similar behaviour documented for several other molecules
(23, 122]. The deviations of the excited state fits are well below 40 kHz, and the
relative invariance of the values of centrifugal distortion constants between the two
excited sates and the ground state are evidence for the validity of the fitting model.
Only Ak (or Dg) and some sextic level constants could not be determined with
confidence and were assumed at values from the ground state.

Although these fits were ultimately successful, it was necessary to resolve several
complications. First of all, there was considerable numerical instability when values
of Ayy and Aszg were used as parameters of fit. It turned out that only their average
was well determined while the difference was not. The adopted solution was to use
the sum and difference of these rotational constants explicitly, as listed in Tables 7.1,
7.2. This ensured numerical stability but also revealed very limited sensitivity of
the overall deviation of fit to the difference between the A rotational constants for
the two excited states, as shown in Fig. 7.6. In particular, two alternative solutions,
labelled I and II, could be identified and are listed in Tables 7.1, 7.2. Solution I was
preferred on the basis of standard deviation, but the discrimination from solution
IT was minimal, at a level of less than 1 kHz in the deviation of fit. By inspecting
the predictions it was found that many pairs of interacting energy levels in the
two studied excited states were subject to considerable mixing. For this reason
a significant number of dedicated measurements targeted at transitions between
such levels have been made. From the measured spectra it was possible to identify
several transitions that were described by the quantum number assignment scheme
of SPFIT as transitions between the two vibrational states. In spite of this, it was
still not possible to improve the discrimination between solutions I and II. It should
be mentioned that there were no lines that were not accounted for in the fits, in
that they were either badly shifted or missing, and the fits encompass all measurable
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Figure 7.6: Dependence of deviation of the A-reduced coupled fit of rotational transitions in
voq4 = 1 and v3¢ = 1 vibrational states on the difference in rotational constant A between the two
states. The two alternative solutions listed in Tables 7.1 and 7.2 are indicated.

transitions.

In an attempt to discriminate more confidently between solutions I and II an-
harmonic force field calculations were used. Although the performance of such cal-
culations for molecules of the size of phenylacetylene has not yet been benchmarked
(Chapter 2.9), there are indicators that practicable levels of calculation may already
be useful [220]. The results of calculations are summarised in Table 7.4. The agree-
ment of calculated vibrational changes for B and C' rotational constants with those
obtained from experiment is excellent, confirming the assignment of the lower vibra-
tional level to vo4 = 1 and of the upper to v3g = 1. The situation for the A rotational
constant is more involved since CFOUR calculates vibrational changes between ef-
fective values inclusive of the effects of perturbation, as described by Eq. 2.47. The
deperturbed values, in the sense of those obtained from the coupling fits made here,
can be obtained by subtracting the contributions to (A, — Ag) from the (g, 35 term
as described by Eq. 2.53. For phenylacetylene such contributions are given by

2A? w2, + w?

0( Aoy — Ag) = —0ad = (8 40 )2 22— =36 4

(Azs 0) Aoy o (<24,36) w§4 — wgﬁ ) (7.4)
24% L, 3w3s + ws

5(1436 - AO) = _505?6 = W (C24,36>2 236_ 224' (7'5>
36 W3 — Way

It can be seen from Table 7.4 that application of Eq. 7.4-7.5 leads to values of
(A, — Ap) which are both satisfactorily close to experiment, and also unambiguously
prefer solution I, in which Ay < Asg.
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Table 7.4: Comparison of experimental and calculated vibrational
changes (MHz) in rotational constants

Exp.® Calc.P
A — Ap© —0.7213(20) —0.668
Ay — Ag —4.32(13) —5.024
Bay — By 1.69182(8) 1.572
Cay — C 1.81846(8) 1.716
Asg — Ao 2.88(13) 3.74¢4
Bss — By 2.86755(9) 2.646
C36 — Cp 0.84021(7) 0.752

*Values from A-reduction, solution I.

bCalculated with CFOUR, [96] at the MP2/6-31G(d,p) level.

‘A= (A + Asg)/2.

dDeperturbed values obtained by subtracting contributions in Eq. 7.4-7.5,
from the calculated effective values Aoy — Ag = —173.45 and Azg — Ay = 172.09
MHz.

7.6 Conclusion

The investigation presented in this chapter considerably extends the coverage of
the known rotational spectrum of the phenylacetylene molecule, as is evident from
Fig. 7.3. The reported spectroscopic constants should allow accurate prediction
of the rotational spectrum well into the submillimeter-wave region. The analysis
of the strong Coriolis coupling between the 154 and the v35 modes turned out to
be entirely satisfactory, although selection between the two alternative numerical
solutions could only be made with confidence on the basis of calculation of the
vibrational changes in rotational constants. As was stated in Ref. [124], in more
complex situations a given fit that is acceptable according to the criteria of satis-
factory reproduction of the spectrum may not necessarily be the most meaningful
solution physically.

The comparison of the various force field dependent quantities determined for
phenylacetylene with the results from different calculations (Table 7.3) shows good
agreement. None of the routine diagnostic-level calculations is outstandingly better
than others. For example, the MP2 results are more consistent with the experimental
(54,36, while the DFT result is better for the inertial defect. The MP2/6-31G(d,p)
results illustrate the level of consistency between two independent computational
packages. It was also found that there is a remarkable agreement of the current
experimental results with those based on a very rudimentary HF /4-21G calculation
by Csaszar et al. [215]. The Scaled Quantum Mechanics technique used in that work
and based on a combination of results for benzene and acetylene appears to have
worked very well. Finally, the use of vs¢ from [214] and the present value of AE,
allows an estimate of 136.5 cm™! for the wavenumber of the 5, fundamental.



Chapter 8

Electric Dipole Moments

8.1 Introduction

This chapter collects the results of electric dipole moment determinations carried
out for four different molecules: pyruvonitrile, urethane, propionitrile, and acryloni-
trile (see Fig. 8.1 for structures and dipole moment orientations). The permanent
electric dipole moment of a molecule is a key physical property reflecting its ground
state electron distribution. The dipole moment gives insight into the reactivity of
the molecule, as it is important in determining relative molecular orientation in early
stages of chemical reaction. In rotational spectroscopy precise value of the dipole
moment is of particular interest because the intensities of rotational transitions are
directly governed by the magnitude of the corresponding dipole moment component.
Precise knowledge of this quantity is also of direct importance in quantitative deter-
mination of molecular abundances under atmospheric and astrophysical conditions
probed by means of rotational spectroscopy.

The electric dipole moment is measured from rotational spectra by means of the
Stark effect (Chapter 2.4). Although Stark effect measurements have been performed
with almost all types of rotational spectrometers, the measurements at conditions
of supersonic expansion with the FTMW spectrometers are relatively recent. The
prerequisite for the measurement of the Stark-effect is the ability to apply a well
characterized homogeneous, static electric field to the molecules. The FTMW spec-
trometer at IFPAN is equipped with a specially designed set of Stark electrodes
that are able to produce a field of considerably improved uniformity in relation
to standard parallel plates [34, 221]. The separation of the Stark electrodes used
to measure the dipole moment has to be kept sufficiently large (27 c¢cm in the IF-
PAN spectrometer) so that the modes of the microwave resonator in the FTMW
spectrometer are not perturbed. This leads to the use of relatively small electric
fields and for molecules with quadrupolar nuclei has the consequence that the Stark
splitting is similar in magnitude to the hyperfine splitting. Hyperfine splitting is
observed in the rotational spectrum of each of the studied molecules due to the

123
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Figure 8.1: The orientation of the molecules and of their dipole moment in the inertial axes:
I-pyruvonitrile, IT-urethane (conformer I, see the discussion in the text), III-propionitrile, TV-
acrylonitrile. The molecules I-ITT have been slightly rotated around the b axis to show all hydrogen
atoms, since in the ab projection symmetry equivalent hydrogens are overlapped. The dipole
moment arrows are drawn in the direction used for computed values, from the notional negative
charge to the notional positive charge.

presence of the N nucleus (Chapter 2.3), so that it was necessary to work in this
inconvenient intermediate field regime. The only satisfactory solution is to set up
and diagonalize the energy matrix separately for each value of the electric field and
of the M quantum number. A treatment of this type is embodied in the program
QSTARK [34], which was used for fitting the dipole moment components on the ba-
sis of measured Stark lobe frequencies. The QSTARK program is available from the
PROSPE website [17]. The effective electrode separation has been calibrated using
the procedure relying on two different calibration substances, CHsI and CH3CN [37].
Further details concerning the Stark electrode design and methodology of measure-
ments are described in Refs. [34, 37, 221]. Theoretical details are given in Chapter
2.4.

All measurements have been made with the supersonic expansion FTMW spec-
trometer at IFPAN (Chapter 3.1). The measurements were performed on selected
hyperfine components of various rotational transitions in the microwave spectrum.
The experimental conditions for each studied molecule were somewhat different, thus
for each case a short experimental description is given. The experimental results are
discussed and compared with calculations.
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Table 8.1: Comparison of experimental and calculated values of the
electric dipole moment components (D) for pyruvonitrile.

Ref.[182].  This work Calc. p¢ Calc. p§
|ta 2.42 2.4616(20)  2.447 2.466
| 2.46 2.4422(21) 2.464 2.450
Litot 3.45(6) 3.4675(20)  3.473 3.476
Nlincs 44
ont (kHz) 3.17¢

2Calculated at the CCSD/aug-cc-pVDZ level with CFOUR [96].

®The equilibrium CCSD/aug-cc-pVDZ dipole moment corrected to the
ground state by using the zero-point vibration contributions calculated at the
CCSD(T)/ce-pVDZ level.

¢Deviation of fit to 36 Stark measurements and 8 zero-field frequencies for
the measured Stark components.

8.2 Pyruvonitrile

Details concerning the FTMW measurements for pyruvonitrile have been presented
in Chapter 6. The electric dipole moment for pyruvonitrile was determined from
Stark measurements made on completely resolved AM=0 Stark lobes for eight se-
lected hyperfine components of the 111 <— 0gg and 2¢o < 1g; rotational transitions of
the A-torsional sublevel, at frequencies near 13.2 and 14.2 GHz, respectively. Elec-
tric fields of up to 185 V/ecm were used and Stark shifts of up to 2.7 MHz were
measured. The electric vectors of the electric field and of the polarizing microwave
radiation were set to be parallel so that AM=0 components were measured.

The results are summarised in Table 8.1 and Fig. 8.2. The rotational and
quadrupole parts of the Hamiltonian were fixed by using the constants from Ta-
ble 6.1 (Chapter 6), so that only the two components of the electric dipole moment
constituted the parameters of fit. Fig. 8.2 shows that there is considerable mixed
order Stark behaviour in the 2py <— 1¢; transition, in that many Stark lobes do not
show a pure second order frequency shift. Nevertheless all, even the strongly curved
Stark components, are fitted satisfactorily. It has been found, in contrast with the
previous determination in [182], that the p, component is of greater magnitude than
1y, although the differences from the earlier results are within their estimated uncer-
tainty. Interestingly, simultaneous ab initio reproduction of the relative magnitude
of these two components and of the total dipole moment proved to be quite chal-
lenging, and the closest computed result consistent with these two requirements is
listed in Table 8.1. On the basis of CCSD(T)/cc-pVDZ anharmonic calculation it is
found that zero-point correction of the equilibrium dipole moment might be impor-
tant in reproducing the experimental value of the dipole moment. It reduces p, and
increases i, by several 0.01 D, and reproduces the experimental relative ordering of
dipole moment components 10 > p? (see Table 8.1).
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Figure 8.2: Summary of Stark shift measurements made on the 1;7 «+ 0go, (b-type), and on
the 292 < 101, (a-type) rotational transitions in the A-torsional sublevel of the ground state of
pyruvonitrile. Circles denote measured Stark frequencies, continuous lines show the behaviour of
the pertinent Stark components calculated on the basis of the final fit. The values of My are
indicated next to each Stark component.

8.3 Urethane

Urethane is a white crystalline substance with a melting point of 50°C. A sample of
urethane was purchased from Sigma-Aldrich and used without further purification.
For the measurements the urethane sample was held in a small metal container close
to the expansion nozzle, and this container and the surrounding gas handling system
were heated to about 90°C. The sample was entrained in Ar carrier gas at a pressure
of 1.2 atm passed through the container, and the resulting mixture was expanded
into the chamber of the spectrometer at a rate of 4 Hz.

In the gas phase at room temperature urethane exists as two conformers (Fig. 8.3)
both of which are visible in the millimeter-wave spectrum. However, it was found
that on supersonic expansion made with Ar carrier gas only the lines of conformer
I of urethane could be observed. It was not possible to measure any of the lines of
conformer II, which were satisfactorily observable on the Lille FTMW spectrometer
by using Ne carrier gas [222]. The greater propensity of Ar carrier for condensing the
sample towards the global minimum conformation on supersonic expansion is well
known [223] and allowed to establish unambiguously that conformer I is the lowest
energy conformer of urethane. For further discussion on conformational stability of
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Conformer I Conformer I1

Figure 8.3: Molecular structure of the two stable conformers of urethane in their principal axes.
Conformer I has been rotated around the b axis for better visibility of the out of ab plane protons.
The conformers differ by the position of the —CHjs group in relation to the rest of the molecule.
Conformer I is the global minimum conformer, and only this species was observed with the FTMW
spectrometer in Warsaw.

urethane see Ref. [222].

The dipole moment for conformer I of urethane (the global minimum conformer)
was determined from Stark effect measurements on completely resolved Stark lobes
of hyperfine components of the nuclear quadrupole hyperfine structure due to the
N nucleus. Two different ? R—type rotational transitions were used, 1;; < Oy at
10755 MHz and 219 < 1g; at 14290 MHz. Stark shifts were measured for 10 different
M lobes of 5 different hyperfine components. The measurements are summarized
graphically in Fig. 8.4, in which it is possible to discern several nonlinearities relative
to simple second order Stark behaviour. Such nonlinearities are rather common in
the relatively low electric field regime of measurements made with cavity FTMW
spectrometers, where the magnitudes of the hyperfine splitting and the Stark split-
ting are comparable. This behaviour is similar to that for pyruvonitrile discussed
in the previous section and shown in Fig. 8.2. Stark measurements were fitted with
the program QSTARK [34] and the final results of dipole moment determination
are summarised in Table 8.2. Ab initio calculations for conformer I predict that
all three dipole moment components will be non-zero, but it was only possible to
determine p, and p; from the measurements. The third component, ., is calculated
to be more than 0.6 D in the equilibrium configuration, and will arise almost en-
tirely from the —NHy group. This group is subject to a low-barrier inversion motion
across the ab inertial plane so it is not surprising that p. is effectively zero in the
ground state, due to averaging over the double-minimum large-amplitude motion. A
similar effect occurs in aniline [224] and in isomers of aminobenzonitrile [225]. Fur-
thermore, although the p, component is rather small, there was sufficient sensitivity
of Stark shifts for the rather strong b-type transitions to satisfactorily determine its
value. The agreement between experiment and calculation is acceptable and only
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Figure 8.4: Summary of Stark shift measurements for conformer I of urethane made for two
different b-type rotational transitions: 117 <— Ogg, and 212 < 1g;. Circles denote measured Stark
frequencies, continuous lines are predictions made on the basis of final dipole moment fit.

consistent with conformer 1.

8.4 Propionitrile

Propionitrile (CH3CH2CN), also known as ethyl cyanide, is a well-known interstellar
molecule usually associated with hot molecular cores in massive star-forming regions.
Over 600 rotational transitions have been detected in astronomical observations
[130]. The emission of propionitrile has been found in Sgr B2 [132], as well as in
other hot cores, such as in the Orion Nebula (OMC-1) [226]. The molecule has been
studied on numerous occasions by means of rotational spectroscopy. For example,
the recent laboratory study of the rotational spectrum of propionitrile extending into
the THz region [227] gives precise line listing of the propionitrile spectrum necessary
for radioastronomical observation by high frequency tools. The present experimental
work is an attempt to provide an accurate dipole moment of this molecule, which is
useful in analysis of both spectroscopic and astrophysical data.

For the purpose of Stark measurements the gas mixture was prepared by com-
bining two streams of Argon carrier gas at a pressure of 1.2 atm. One stream was
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Table 8.2: Comparison of measured and calculated values of the electric
dipole moment components (D) for conformers I and II of urethane.

Conformer I Conformer II
Exp. Calc.® Exp.’ Calc.®
™ 0.5878(20)  0.65 - 0.01
Iz 2.2579(21) 2.48 - 2.25
| —° 0.67 - 1.11
d 23

lines

ont (kHz) 2.89

?Equilibrium dipole moment calculated at the MP2/aug-cc-pVTZ level.
bNot observed experimentally in Ar expansion.

°Not determinable in the ground vibrational state.

9The number of fitted transitions.

a minimal flow over the liquid sample and the second was in the form of a full flow
over an empty sample tube. This method allowed control of gas composition and
made it possible to avoid saturating the system with the propionitrile sample. The
gas mixture was expanded through a valve into the vacuum chamber at a rate of
2 Hz. Typically from 10 to 15 microwave relaxation signals were recorded per single
gas pulse.

Initially, the prediction of the hyperfine structure was made on the basis of
quadrupole coupling constants from Ref. [228]. It turned out, however, that the
accuracy of hyperfine components evaluated from those constants was insufficient
for supersonic expansion measurements. In order to improve these values all avail-
able lines in the frequency region of the spectrometer were measured. The newly
measured hyperfine components numbered 18, and were measured for 5 different ro-
tational transitions. These transitions were added to lines from Refs. [227, 228] and
were fitted with the use of an equivalent set of rotational and centrifugal constants
to that given in Ref. [227] including diagonal quadrupole coupling constants Y,
Xob, and xe. The fit was made with the SPFIT program [24, 25]. In similarity to
pyruvonitrile (Chapter 6) the off-diagonal quadrupole coupling constant x,, could
not be determined from the fit, but it was possible to estimate y,, with confidence
on the basis of ab initio CCSD /aug-cc-pVDZ calculations made with CFOUR [96].
The results were scaled by 1.197 which provides optimum reproduction of the ex-
perimental diagonal splitting constants. The estimated value ., = —2.13 MHz was
fixed and used in the global fit, resulting in the spectroscopic constants listed in
Table 8.3.

In the frequency region of the FTMW spectrometer only the Stark effect of the
four lowest a-type rotational transitions could be measured. The intensity of the
available b-type line (4o4 < 313 at 13.9 GHz) was insufficient for precise measure-
ment of Stark shifts. For the measurements selected hyperfine components of all
four lowest-.J, a-type rotational transitions have been chosen: 11 < O, 202 < 101,
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Table 8.3: Spectroscopic constants for the ground vibrational state
of propionitrile obtained from the global fit of the A—reduced ro-
tational and quadrupolar parts of the Hamiltonian to rotational
transitions from Refs. [227, 228] and those measured at IFPAN.

Ref. [228] This work
A (MHz) 27663.68290(46)
B (MHz) 4714.213156(64)
C (MHz) 4235.059478(61)
Ay (kHz) 3.073451(30)
Ak (kHz) —47.65829(35)
Ax (kHz) 548.1254(28)
Oy (kHz) —0.6859876(94)
0K (kHz) —12.7399(13)
D (Hz) 0.0103705(58)
D (Hz) —0.02515(37)
Dy (Hz) —1.9066(14)
Dy (Hz) 31.6154(96)
103} (Hz) 0.0039674(27)
bIK (Hz) 0.10167(36)
oK (Hz) 6.500(25)
Ly (mHz) —0.00005110(50)
Lyjxk  (mHz) —0.000816(24)
Lk (mHz) —0.1201(10)
LKK] (mHZ) 03984(30)
Ly (mHz) —2.386(14)
ly (mHz) —0.00002273(28)
lik (mHz) —0.000697(23)
liy (mHz) —0.0444(16)
li (mHz) —4.376(38)
Py (uHz) 0.000000232(17)
Pk (uHz) 0.000923(10)
Pk (uHz) 0.1438(69)
P (uHz) 0.000000101(10)
DK (uHz) —0.0886(36)
Xaa (MHz) —3.342(16) —3.3572(18)
Xbb (MHz) 1.285(21) 1.2972(35)
Xee (MHz) 2.057(21) 2.0600(35)
Xab (MHz) [—2.13]@
Nines 3866
O’ 0.994

%Yab has been fixed at the value obtained from scaled ab initio CCSD/aug-
cc-pVDZ calculation. The employed scaling factor of 1.197 is the average value
of the Xexp/Xcalc ratio of diagonal quadrupole coupling constants.

bUnitless deviation of the weighted fit.
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Table 8.4: Comparison of experimental and calculated values of the elec-
tric dipole moment components (D) for propionitrile.

Ref.[229] This work Calc. pg Cale. p®
|al 3.85(2) 3.8157(40) 3.846 3.822
| s 1.23(2) 1.2359(13)  1.241 1.229
Litot 4.05(3) 4.0108(42)  4.041 4.015
Mines 87
ost (kHz) 2.96¢

?Calculated at the CCSD/aug-cc-pVDZ level.

bCalculated at the CCSD(T)/aug-cc-pVDZ level.

¢Deviation of fit to 77 Stark measurements and 10 zero-field frequencies for the
measured Stark components.

219 < 111, and 2;; < 1y at frequencies of 8.9, 17.8, 17.4, and 18.3 GHz, respec-
tively. The measurements were made on totally resolved AM = 0 Stark lobes. The
sensitivity of Stark shifts to values of u, and pu;, proved to be sufficient for accurate
determination of both dipole moment components. The Stark measurements are
summarised graphically in Fig. 8.5.

For the dipole moment fit the rotational and quadrupole parts of the Hamiltonian
were fixed by using the constants from Table 8.3. The fit was made with QSTARK
[34] to transition frequencies of 110 measured Stark components, and the results
are listed in Table 8.4. The current results are in good agreement with formerly
determined values at least to within the estimated uncertainty. The precision of the
experimental determination has been improved by an order of magnitude and the
agreement with computation is excellent.

8.5 Acrylonitrile

In the recent study of the terahertz spectrum of acrylonitrile [23] the authors began
suspecting the validity of the available experimental dipole moment of acrylonitrile.
The relative intensities of the a-, and b-type rotational transitions in the THz-
region indicated that the literature experimental value of 1, [174] was considerably
overestimated. Despite the fact that u, is five times larger in magnitude than gy,
the b-type rotational transitions dominate over the a-type ones in the terahertz
spectrum by virtue of lower values of the J quantum number. This is illustrated in
Fig. 1 and Fig. 3 of Ref. [23], and shows that precise knowledge of 11,/ is important
in analysis of such complex terahertz spectra. In the present work an attempt was
made to improve the determination of the gas phase dipole moment of acrylonitrile.

For the Stark measurements the expansion mixture consisting of approximately
1% of acrylonitrile in Ar carrier gas was expanded into the spectrometer chamber
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Figure 8.5: Summary of Stark shift measurements for propionitrile. Circles denote measured
Stark frequencies, continuous lines are predictions made on the basis of the final dipole moment
fit.
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Table 8.5: Comparison of experimental and calculated values of the electric
dipole moment components (D) for acrylonitrile.

Ref.[230] Ref.[174] This work Calc. u¢ Cale. pf

|tal 3.68 3.815(12)  3.8208(40) 3.844 3.802
|20 1.25 0.894(68)  0.6866(81) 0.702 0.696
Lot 3.89(8) 3.918(19)  3.8820(40) 3.907 3.865
Nlincs 95

oqy (kHz) 3.234

?Equilibrium dipole moment calculated at the CCSD(T)/aug-cc-pVDZ level.

bVibrationally averaged dipole moment calculated at the CCSD(T)/aug-cc-pVDZ
level.

“Deviation of fit to 84 Stark measurements and 11 zero-field frequencies for the mea-
sured Stark components.

from a backing pressure of 1.2 atm. The sample was pulsed through a 0.35 mm
diameter orifice at a rate of 2 Hz. Typically from 10 to 15 microwave relaxation
signals were recorded per single gas pulse.

Electric dipole moment for acrylonitrile has been determined by performing Stark
shift measurements on many different Stark components belonging to several hyper-
fine components. The availability of the ground state rotational transitions of acry-
lonitrile in the operating frequency range of the FTMW spectrometer (2 — 20 GHz)
is rather limited making the measurements more difficult. For the Stark effect three
low K,, “*R-type transitions have been chosen: 1¢; <= Ogg, 202 < 1o1, and 211 <— 14
near 9.5, 18.9, and 19.4 respectively, and one weak, but still measurable ®P-type
transition 215 <— 303 at 15.9 GHz. The overwhelming majority of a-type transitions
made the determination of p, much easier than of pu;, thus the vital issue was to
choose the Stark lobes which had a significant contribution from both dipole mo-
ment components. The Stark lobes with AM = 0 which provide information on
both pu, and pup are three components of the 29 < 1¢7 transition: (F' = 2 < 1,
Mp =0), (F=342, Mp=2)and (F =2+« 2, Mp=1). Maximum frequency
shifts with applied electric field of up to 9.62, 9.04 and —7.09 MHz, respectively,
have been measured for these components. Such large Stark shifts relative to those
normally observed with this spectrometer, could be observed mainly because of the
considerable intensity of the 295 < 1g; transition. On the other hand, the Stark
shift for the b-type line 215 < 3p3 could be observed only up to 2 MHz, although its
contribution to py is comparable to that obtained from almost 10 MHz Stark shifts
of the a-type line. The graphical summary of the Stark measurements is given in
Fig. 8.6.

The constants in the rotational Hamiltonian (in Watson’s A—reduced form) and
quadrupole coupling constants were fixed using the values from Ref. [6], so that
only the two components of the dipole moment constituted the parameters of the
fit. It was found that the value of u;, was substantially lower than those reported in
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Figure 8.6: Summary of Stark shift measurements for acrylonitrile. Circles denote measured
Stark frequencies, continuous lines are predictions made on the basis of the final dipole moment

fit.
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Figure 8.7: Three segments of the room-temperature millimeter-wave rotational spectrum of
acrylonitrile recorded with the broadband millimeter-wave spectrometer at IFPAN (described in
Chapter 3.2). The segments were chosen because of the presence of nearby of a- and b-type
transitions of similar intensity. Dotted grey lines denote the intensity of transitions calculated on
the basis of dipole moment components determined in Ref. [174], whereas the black lines denote
the intensities calculated from dipole moment components determined in this work. The good
agreement of the intensities determined from current dipole moment measurements with those
observed in the spectrum confirms the validity of the current dipole moment redetermination.

previous determinations. The first reported gas phase value of p;, was 1.25 D [230],
then the value of 0.894(68) D [174] was determined. These compare to the present
value of 0.6862(79) D and appear to have been significantly overestimated.

In order to confirm the new value of the dipole moment, especially of the p,
component which is determined with a somewhat larger error, ab initio calculations
at different theoretical levels and intensity measurements of a- and b-type rotational
transitions in the millimeter-wave spectrum have been performed. In quantum-
chemistry calculations the CCSD(T) level of correlation correction has been used
together with a basis set augmented with the diffuse functions aug-cc-pVDZ which
is suitable for more accurate calculation of dipole moments (see Chapter 2.9). In
addition, zero-point vibrational corrections of the calculated equilibrium dipole mo-
ment components have been made at the same theoretical level. The results show
that vibrationally averaged u, and pu; are reduced in relation to equilibrium values,
and are in better consistency with experiment. The experimental and theoretical
results are listed in Table 8.5. The intensity of the a-type lines is proportional to 2
and of the b-types to pZ. When the b-type transitions are concerned it is seen that
using literature value of 1, [174] and the present one the intensity prediction differs
by 59%. This has been illustrated in Fig. 8.7.



Chapter 9

Summary

This dissertation presents the results of systematic studies of rotational spectra for
selected molecules. All of the chosen molecules are either established astrophysical
species (such as acrylonitrile and propionitrile) or potential candidates for detection
by radioastronomy. For each studied molecule a short description of the current state
of radioastronomical detections, or some arguments suggestive of the presence of the
molecule in the interstellar medium are given. The rotational spectra analyzed in
the dissertation have been recorded with three types of spectrometers: broadband,
room-temperature mmw /sub-mmw spectrometers, a high-resolution infrared inter-
ferometer, and a cavity supersonic expansion FTMW spectrometer. These spectrom-
eters operate in various frequency regions, at different resolutions, and at different
experimental conditions. When more than one spectrometer could be applied to
a given problem it was possible to obtain complementary information on various
aspects of the rotational spectrum. Analysis of the spectra measured with these
spectrometers enabled determination of many important molecular properties.

The reported assignments of the broadband rotational spectra have usually been
associated with extensive measurements involving hundreds or thousands of lines.
For instance, for each isotopic species of acrylonitrile more than 2000 lines have been
assigned for the ground state, and around 1000 lines for the first excited vibrational
state. For practical reasons the final results of the fits for each studied species have
not been included in this dissertation. Most of the results presented in the thesis
have already been published and others will soon be published in scientific journals.
Data files containing inputs to the fitting programs, results of fits, and listings of
measured lines with their experimental uncertainty for each investigation are, in
most cases, deposited in the electronic repository of the related journal and are
available online.

Rotational spectra. In this dissertation the most extensive rotational spectra
were studied up to 1 THz by recording and analyzing several extended spectral seg-
ments spanning a total of several hundreds of GHz’s. For all molecules rotational
spectra were studied at least up to the lower part of the submillimeter-wave region.

136
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The new data are sufficient to provide new or updated catalog entries for astronom-
ical searches of the studied molecules and of their isotopic species in the ground
and in some excited vibrational states. The current results are particularly valuable
for the astronomical investigations with the use of more sensitive, higher frequency
tools such as Herschel, ALMA or SOFIA observatories. For each studied species the
frequency range, the number of the measured transitions, and the coverage of the J
and K, quantum numbers have been considerably extended in comparison to previ-
ous studies. This allowed determination of the precise values of not only rotational
but also of centrifugal distortion and vibration-rotation perturbation constants of
various orders. The observed perturbations have even GHz-size contributions to
many transitions at higher frequencies, and their accurate values are essential for
reliable prediction of the higher-frequency spectra.

For the rare isotopic species of cyanamide the rotation-inversion spectra have
been measured in three broadband segments up to 650 GHz. The spectroscopic
constants determined from their analysis should give an accurate prediction of the
spectra up to 1 THz. In case of HoNCN and Dy;NCN, for which rotationally re-
solved infrared spectra were also analysed, accurate prediction is expected to reach
wavenumbers of well above 360 cm™!. The spectra of isotopic species of acryloni-
trile have been measured up to 1.2 THz, and derived spectroscopic constants should
allow reasonable prediction up to 2 THz. The rotational spectra for pyruvonitrile
and phenylacetylene were measured mainly in the millimeter-wave region. Ra-
dioastronomy detection of these molecules has not yet been attempted. However,
such work is now possible since the present data provide accurate line positions even
up to 1 THz.

Vibration-rotation interactions. The present studies of the rotational spec-
tra enabled investigation of various aspects of vibration-rotation interactions be-
tween rotational levels of different vibrational states. Specifically, analysis of the
ground state transitions for cyanamide revealed the presence of strong coupling
between two components of the inversion doublet: 07 and 0~. A coupled two-state
Hamiltonian turned out to be satisfactory in reproducing the measurements, at least
in the regime of moderate values of K, and J. The analysis of the inversion-rotation
spectra of various isotopic species resulted in determination of the precise energy
spacing between the 07 and 0~ substates, and gave additional information on the
inversion potential of cyanamide. In addition, transitions with higher values of K,
which could not be described by the used Hamiltonian have been identified as in-
volved in perturbations with other vibrationally excited states. Since the primary
aim of this analysis was to obtain the most reliable description of the ground state
transitions it was not practicable to set up the whole chain of these interstate inter-
actions for cyanamide. Nonetheless, the undertaking of this task would be valuable
for better understanding of the dynamics in cyanamide as manifested in rotational
spectra.

The prototype interaction between the ground and the first excited vibrational
state previously found for the parent species of acrylonitrile [23], has also been
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identified for its four singly isotopically substituted species. The analysis of the
measured transitions allowed precise determination of the energy difference between
the interacting states, which for this case is equivalent to the vibrational wavenum-
ber V1.

The analysis of the rotational spectrum of pyruvonitrile in the ground and
two excited vibrational states enabled determination of spectroscopic parameters
describing the coupling between internal and overall rotation. In addition, the anal-
ysis allowed derivation of many different parameters such as the height of the internal
rotation barrier and of the precise energy differences between the A and E levels in
the torsional potential. In order to deal with the internal rotation three different
methods have been used and the results compared.

For the ground state rotational transitions of phenylacetylene the effective
single state Hamiltonian with up to sixth-order centrifugal distortion constants was
sufficient to reproduce measurements. On the other hand, in the case of the two
lowest lying vibrational satellites, v3g = 1 and vgy = 1, the coupled treatment
was necessary owing to the strong, a-axis Coriolis interaction between these states.
The applied theoretical model allowed to fit a total of 1006 transitions for these
two excited states. Additional ab initio calculations of the anharmonic force field
turned out to be indispensable and conclusive in distinguishing between the two
almost equivalent numerical solutions.

Molecular geometry. One of the most important results of this dissertation
from the chemical point of view has been the precise determination of the molecu-
lar geometry of cyanamide and of acrylonitrile. Cyanamide is a molecule which
undergoes large amplitude inversion motion. As a rule, equilibrium-quality molecu-
lar structure determined from the ground state rotational constants for molecule of
this type is troublesome. Rotation-inversion spectra of thirteen isotopic species of
cyanamide have been assigned resulting in 36 experimental rotational constants for
use in structural analysis. These were combined with calculated vibration-rotation
contributions to the rotational constants from the CCSD(T)/cc-pVQZ anharmonic
force field and turned out to be sufficient for the complete evaluation of the semi-
experimental equilibrium r°F molecular structure of cyanamide. A similar approach
applied for acrylonitrile also gave outstanding results. Deviations of these struc-
tural fits proved to be spectacularly low and the fitted parameters demonstrate high
consistency with the theoretical predictions. It is expected that the determined
structures will remain in the scientific literature for a long time as reference struc-
tures for these two molecules, and as a good example of the successful application
of the r5¥ approach, the applicability of which is still being tested.

Dipole moments. Another important result of this dissertation is the precise
determination of the electric dipole moments for several molecules. The measure-
ments were made for pyruvonitrile, urethane, propionitrile, and acrylonitrile
at conditions of supersonic expansion. As discussed in Chapter 8 the dipole moment
is important not only for chemical considerations, but also has a purely practical
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meaning in analysis of radioastronomical spectra since intensity of rotational tran-
sitions is directly governed by the magnitude of the corresponding dipole moment
component. As has been shown in Fig. 8.7 the value of p, for acrylonitrile is re-
flected by a 59% change in the calculated intensity of b-type transitions, which is
confirmed by relative intensities in the mmw-wave spectrum. This high frequency
spectrum of acrylonitrile is presently the subject of extensive studies by means of
radioastronomy. Reliable determination of the small p;, value for acrylonitrile seems
to be a significant experimental contribution, and its determination necessitated
difficult Stark shift measurements on very weak hyperfine components.

Hyperfine structure. Analysis of the hyperfine structure visible in super-
sonic expansion FTMW measurements allowed determination of precise nuclear
quadrupole coupling constants for pyruvonitrile and propionitrile. Admittedly,
these values were known from earlier studies but they turned out to be different
from the current values even by 20% as is the case for x.. of N in pyruvonitrile.
The accurate values of the quadrupole coupling constants are also important in the
analysis of the radioastronomical spectra. For some transitions the hyperfine struc-
ture is observed at high frequencies and additional splitting of the line confirmed by
laboratory measurements might be conclusive in the assignment.

The series of investigations of selected medium-size molecules have shown how a
broad range of techniques of rotational spectroscopy can be used to obtain a variety
of results on molecular properties. These properties are not only useful in the field
of molecular physics or chemistry but are also relevant to astronomical searches for
these molecules in space. In addition, it has also been shown in this dissertation how
precise experimental results can be complemented by the ab initio calculations in
a determination of molecular structure or in distinguishing of the correct numerical
solution in a fit of Hamiltonian. Furthermore, the accurate values of many experi-
mental molecular properties determined in this thesis, such as molecular structure,
dipole moment, nuclear quadrupole coupling constants, internal rotation and inver-
sion barriers can be used as a valuable guide to the development and application of
the methods of computational chemistry (ab initio and density functional theory).



Appendix A

Structural Fits

This Appendix summarises the primary data and the results of the preferred r5t
structural fits for cyanamide (Chapter 4) and acrylonitrile (Chapter 5). The fits have
been made with the STRFIT program by the least squares procedure to moments
of inertia. The experimental moments of inertia were corrected by the vibration-
rotation contributions calculated with CFOUR.

Table A.1 collects the results for cyanamide. The final structure from this fit
is shown in Figure 4.8.

Table A.2 collects the results for acrylonitrile. The final structure from this fit
is shown in Figure 5.8.
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Table A.1: Summary of the 75F fit for cyanamide.

141

By “/MHz (B, — By)’/MHz B(o—c¢)°/MHz I(o —c)°/uA?

H,NCN A 308297.81100 —1675.27650 —231.0543 0.00124
B 10121.71630 21.34720 0.1138 —0.00056

C 9865.78058 42.26220 —0.0702 0.00036

HDNCN A 21239445500 —974.88570 22.2032 —0.00025
B 9601.67486 23.07510 0.0288 —0.00016

C 9259.84991 44.03130 0.0292 —0.00017

D,NCN A 156875.86700 —231.43540 16.6400 —0.00034
B 9154.97064 23.07330 —0.0520 0.00031

c 8747.29479 43.71039 0.0399 —0.00026

D,NBBCN A 156870.95000 —229.33190 19.3783 —0.00040
B 9147.11045 22.95480 —0.0046 0.00003

C 8740.08880 43.59020 0.0599 —0.00039

D,NCN A 156866.55000 —232.78190 21.1718 —0.00044
B 8856.17295 22.27150 —0.0677 0.00043

c 8474.09125 41.69040 —0.0056 0.00004

D,’NCN A 156545.80000 —271.38020 —9.9843 0.00021
B 8954.48150 21.72600 —0.1340 0.00084

c 8565.14830 41.65290 0.0622 —0.00042
HDN!3CN A 212369.70000 —975.84100 18.2215 —0.00021
B 9595.65680 22.93510 0.0527 —0.00029

C 9254.19330 43.89810 0.0529 —0.00031
HDNCN A 212353.90000 —976.74560 17.1205 —0.00019
B 9290.16370 22.27120 0.0200 —0.00012

c 8969.69250 41.98000 —0.0036 0.00002
HDSNCN A 211768.90000 —1027.70010 —26.0833 0.00030
B 9368.24140 21.51530 —0.0343 0.00020

c 9042.58760 41.63800 0.0166 —0.00010

H,N'3CN A 308297.00000 —1675.71860 —232.2506 0.00125
B 10117.57920 21.17190 0.1119 —0.00055

C 9861.84600 42.11200 —0.0418 0.00022

H,NC®N B 9795.06135 20.60680 0.1424 —0.00075
c 9555.08645 40.26090 —0.1045 0.00057

H,’’NCN B 9845.62100 19.70840 0.0545 —0.00028
c 9603.67985 39.63500 —0.1356 0.00074
H,'"NCN B 9523.26500 19.01860 0.0855 —0.00047
c 9296.62410 37.72460 —0.1721 0.00100

2All rotational constants in the structural fit were taken as an average of the values
for the 07 and 0~ substates derived from coupled fits with the A-reduced asymmetric

rotor Hamiltonian.

bVibration-rotation contributions B, — B{' calculated at the CCSD(T)/cc-pVQZ
level with CFOUR [96].
“Differences between experimental constants corrected by the vibration-rotation

contributions and calculated values from the final structure.
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Table A.2: Summary of the 75F fit for acrylonitrile.
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By “/MHz (B, — By)’/MHz B(o —c¢)°/MHz I(o — c)°/uA2

CHp,=CHCN ¢ A 49850.69649 134.53700 —5.0260 0.00102
B 4971.16363 15.19900 —0.0766 0.00156

C  4513.87724 20.30700 0.0198 —0.00049

BOH,=CHCN A 49195.20200 124.82800 —4.5627 0.00095
B 4837.57973 14.91600 —0.0654 0.00140

C  4398.24238 19.71100 0.0284 —0.00073
CH,=CD¥CN® A 40176.32700 144.28900 —1.7429 0.00054
B 4910.89800 14.26100 —0.0204 0.00043

C  4369.54300 19.57300 0.0407 —0.00107

13CH,=CDCN® A 39638.93400 136.25000 —2.3879 0.00076
B 4805.99730 14.07000 —0.0639 0.00139

C  4280.09280 19.11300 0.0356 —0.00097

CH,=CHC®N A 49655.34310 131.18100 —5.7604 0.00117
B 4819.66822 14.62000 —0.0487 0.00105

C  4387.04612 19.49400 0.0315 —0.00082
CH,='3CHCN? A 48639.64330 127.02500 —5.0329 0.00107
B 4948.97991 14.73000 —0.0660 0.00135

C 448538300 19.89400 0.0263 —0.00066

CH,=CDCN A 40196.54300 144.21600 —4.1618 0.00129
B 4934.35201 14.29500 —0.0505 0.00104

C  4388.38784 19.66400 0.0400 —0.00104

CH,='3CDCN® A 39527.06000 137.28000 0.1285 —0.00004
B 4913.06250 13.87300 —0.0271 0.00056

C  4363.31500 19.26900 0.0108 —0.00028

CH,=CHBCN A 49799.60580 133.35400 —5.7635 0.00117
B 4948.36493 15.15300 —0.0576 0.00118

C 449465455 20.20900 0.0321 —0.00080

CHD°=CHCN® B 4865.72430 12.76400 —0.0287 0.00061
C  4349.52210 18.49200 0.0472 —0.00125

CHD'=CHCN® B 4638.59090 14.82100 —0.0335 0.00078
C  4238.20850 18.93400 0.0391 —0.00109

CHD*=CDCN® A 34292.81000 147.17600 —3.1065 0.00132
B 483517170 12.27200 —0.0301 0.00065

C  4231.33120 18.11900 0.0335 —0.00094

CHD'=CDCN® A 40173.53000 131.70600 —3.3087 0.00103
B 4610.25620 14.10800 —0.0338 0.00080

C  4130.11750 18.39700 0.0492 —0.00144

CD,;=CDCN® A 34297.03900 141.90100 —3.2738 0.00139
B 4528.78030 12.44500 —0.0609 0.00149

C  3995.12210 17.15600 0.0178 —0.00056
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By “/MHz (B, — Bo)’/MHz B(o—c¢)°/MHz I(o — c)°/uA2
IBOH,=13CHCN A 47962.98300 117.39900 —3.9587 0.00087
B 4818.70100 14.46600 —0.0349 0.00076
C 437247720 19.31900 0.0328 —0.00086
BOH,=CHCN A 49143.38400 123.64200 —5.2205 0.00109
B 4813.95540 14.86500 —0.0285 0.00062
C 437828550 19.60900 0.0495 —0.00129
CH,=3CHCN A 48597.43600 126.25700 —5.1965 0.00111
B 492558330 14.67800 —0.0334 0.00069
C  4465.78040 19.79000 0.0341 —0.00086
CH,=13CHCN A  48449.24800 123.91600 —5.2857 0.00113
B 4796.60060 14.16000 —0.0241 0.00053
C  4358.24780 19.08600 0.0381 —0.00101
BCH,=CHCN A 48995.13300 121.42500 —5.3873 0.00113
B 4689.30040 14.34900 —0.0296 0.00068
C 427376150 18.92100 0.0456 —0.00125
CH,=CHBCN A 49598.19200 129.77800 —6.6694 0.00136
B 4800.26410 14.57900 —0.0395 0.00086
C  4370.51910 19.40900 0.0372 —0.00098

2All rotational constants obtained from the fit of the rotational transitions to the

S-reduced asymmetric rotor Hamiltonian.

bVibration-rotation contributions B, — B§ calculated at the CCSD(T)/cc-pVTZ

level with CFOUR [96).

¢Differences between experimental constants corrected by the vibration-rotation
contributions and calculated values from the final structure.

dRotational constants from Ref. [23].
“Rotational constants from Ref. [178].
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