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Preface

We start our journey to know the world when we open the eyes, but you cannot rely on the
eyes if you want to “see” what constitute the world. Nowadays, we already know that the basic
world is formed by atoms and molecules, thanks to their interactions with electromagnetic radiation.
In the microworld, the physical properties, such as the momentum, are quantized rather than
consequent. So, the change of the physical quantities will absorb or emit a characteristic energy in
the form of electromagnetic radiation. We can realize the physical properties and “see” the
microworld by detecting the electromagnetic radiation. Different frequency regions of the
electromagnetic spectrum can reflect different kinds of information of the atoms and molecules.
Rotational spectroscopy is concerned with the transitions between quantized rotational states of
molecules in the gas phase. For most molecules and molecular systems, the rotational spectra
commonly lie in the microwave region designated as extending from wavelengths of approximately
30 c¢cm to those of 0.3 mm, or from frequencies of approximately 1 GHz to those of 1000 GHz. As
an excellent method traditionally associated with molecular structure determination, today’s
microwave spectroscopy has been developed to address a wide variety of basic and key information
and properties of molecules and molecular systems, such as conformational and tautomeric
conversion, chemical bonding, charge transfer, hyperfine structures, internal dynamics, and large-
amplitude motions. The scope of microwave spectroscopy has been widened from intramolecular
observations to intermolecular interactions. The investigation extends from van de Waals complexes,
hydrogen-bonded complexes, and electron donor-acceptor complexes to chiral recognition,
molecular aggregation, quantum solvation. The study targets include molecules of organic interest,
molecules of biological interest, atmospheric species, interstellar compounds, metal, semiconductor,
ions and radicals.

Microwave spectroscopy has progressed rapidly in the past decades.l*'% One of the major

experimental advances was the development of the pulsed jet (molecular beam) Fourier transform



microwave (PJ-FTMW) spectroscopy which uses a Fabry-Pé&ot interferometer, invented by Balle
and Flygare in 1979.181 This spectrometer measures time-domain spectroscopy by detecting the
rotational free induction decay (FID) following polarization by a short microwave pulse. Then the
spectrum can be transferred from time-domain to frequency-domain via Fourier transformation of
the signal. The spectroscopy resolution and detected sensitivity was highly improved by PJ-FTMW
and without the power broadening found in Stark modulation spectrometer. The rapid cooling of the
molecules in the seeded molecular beam makes it possible to study the vatiety of molecular
conformations, large molecules, and the weakly bound molecular clusters. It greatly expands the
range of the molecular systems that can be analyzed by rotational spectroscopy. Another technique
expanding the range of analyzed targets was the combination of the pulsed molecular beam with the
laser ablation. The laser ablation could “softly” vaporize the solid samples and seed the molecules
in the carrier gas. In 2006, Brooks H. Pate and co-workers invented the broadband chirped pulse
Fourier transform microwave (CP-FTMW) spectrometer.®! This spectrometer reduced significantly
the spectrum acquisition time and implemented the spectra acquisition of all the possible molecules
in the molecular beam at the same time. Besides that, it brought the possibility of analytical
chemistry application on mixtures with unknown species. In addition, this spectrometer could also
study the excited vibrational state of molecules prepared by laser excitation with tunable laser.

In this dissertation, the introduction of the basic knowledge of microwave spectroscopy
including the fundamental theory of the rotational spectroscopy and the spectrometer techniques has
been reviewed firstly. Then the work that | have performed during my PhD career was discussed.
The PJ-FTMW spectroscopy has been used to study the different conformers of monomers, and
bimolecular clusters formed with hydrogen bond (HB) or weakly non-covalent bonds.
Difluoromethane and water oligomers have been studied by CP-FTMW spectrometer.

| started my PhD thesis works with the rotational study of the indan monomer and its dimer
with trifluoromethane, which was performed by PJ-FTMW spectroscopy at the University of
Bologna (UNIBO). From the rotational spectrum of indan, I found the tunneling splitting due to the
five-member ring puckering motion. The rotational spectrum of its complex with trifluoromethane
showed a cage structure connected by a CH --t interaction and four cooperative CH --F interactions.
The CHF3s moiety was linked by the cooperative interactions in this kind of cage structure, and no
evidence of internal rotation detected, differently from what was found for the CHFs-Benzene
complex. where a free rotation around the single CH --st bond was found.

The main investigations | performed during the first two years were the rotational studies of
formic acid (FA) interacting with several systems. All of them were performed with the PJ-FTMW

spectrometer at UNIBO. One of the most interesting results was the observation of the competition



between reactivity and the pre-reactivity in the mixtures of carboxylic acids and alcohols, which is a
basic phenomenon in organic synthesis. | spent more than one year on this project, and more than
ten molecular systems were investigated. Formic acid and alcohols were seeded in the carrier gas
helium, just ahead of the supersonic expansion. The experimental results of the primary and
secondary alcohol mixing with carboxylic acid has shown that an esterification occurs, whereas just
spectra of adducts could be identified by mixing the tertiary alcohol and formic acid. Besides the
study of FA with alcohols, | also studied the configuration and the interaction between the acid with
isopropyl formate, S-propiolactone, cyclobutanone, dimethyl ether. The successful experiments are
as listed here: 1) FA-isopropanol, 2) FA-cyclobutanone, 3) FA-beta-propiolactone, 4) FA-dimethyl
ether, 5) FA-tert-butyl alcohol, 6) FA-isopropyl formate, 7) 2-methyl-2-butanol, 8) 1-
methylcyclohexanol, 9) 1-methyl-cyclopropanol, 10) FA-1-methyl-cyclopropanol, 11) cyclohexanol,
12) FA-cyclohexanol, 13) methyl trifluoroacetate.

Another interesting work is the pure rotational spectrum of the “non-polar” dimer of formic
acid. I have assigned the rotational spectra of DCOOH-HCOOH, DCOOD-HCOOH and DCOOH-
HCOOD. From the fit of the spectra, the structural information can be obtained as well as the
binding energy is determined to be ~57 kJ/mol. More interesting, the barrier of the double-proton
transfer can be estimated from the tunneling splitting.

At the beginning of the third year, I spent three months in Dr. Emilio J. Cocinero’s laboratory
at the Universidad del Pa® Vasco (Spain). With the CP-FTMW spectrometer present in the
laboratory, | assigned the spectra of the clusters of difluoromethane (DFM) with deuterated water
with ratios 1:2, 2:1, and 2:2. By mixing normal and deuterated water we could produce the liquid
where the molecules H>0, D-O, and DOH exist simultaneously. Seeding this sample into the cavity
| have measured the rotational transitions of the clusters with single, double, triple deuterated water
molecules, respectively. Combining with the spectra of DFM with normal water from Prof. Brooks
H. Pate’s group, the substituted structures of the clusters have been confirmed.

After coming back to Italy, the first successful experiment was the rotational study of 3,5-
heptanedione. Its two tautomers have been discriminated unambiguously by FTMW spectroscopy.
The spectra of the *C and deuterium substituted species have been successfully assigned for the
most stable conformer. That shows us a substituted structure which indicates the detailed structure
information. The adduct of 3,5-heptanedione with one water molecule has already been studied by
FTMW spectroscopy. Two conformers were assigned from the rotational spectrum. 3,5-
heptanedione adopts different conformers in the water adducts comparing the structures we
identified for the monomer.

Some results of my PhD work have been published on scientific journals, the rotational



transition frequencies and structure information are available in the corresponding papers. Most of
them have not been published, but you will see them online in the near future. I will report the

detailed information of parts of the work in the dissertation.



Abstract

In this dissertation, the introduction of the basic knowledge of microwave spectroscopy
including the fundamental theory of the rotational spectroscopy and the experimental techniques
was reviewed firstly. Then the work that | have performed during my PhD career is discussed.
Pulsed-jet Fourier transform microwave (PJ-FTMW) spectroscopy has been used to study the
monomers, and the bimolecular clusters formed with hydrogen bond or weakly non-covalent bonds.
Difluoromethane and water oligomers have been studied by Chirped-Pulse Fourier transform
microwave (CP-FTMW) spectroscopy.

The spectroscopic work in this dissertation includes three parts:

1) Isolated molecules with large amplitude motions. Three subjects are involved in this part,
which are the rotational studies of indan, 1,2-dimethoxylethane, and 1-methylcyclohexanol. The
transitions were split due to ring puckering motion, the internal rotations of methyl groups, and the
rotation of the hydroxyl group, respectively.

2) Clusters formed by the cooperation of different classes of HBs. Four subjects are involved
in this chapter. Firstly, formic acid clustering with dimethyl ether and cyclobutanone, respectively,
indicate that both complexes are formed with one typical O-H --O HB and two C-H --O weak
hydrogen bonds (WHBSs). Secondly, the investigation of the complex of indan with trifluoromethane
showed a cage structure based on the cooperative effects of C-H---w and C-H --+F WHB interactions.
Lastly, The study of oligomer of (CH2F2)m-Wn, (m,n = 1,2) has broaden our knowledge of the
cooperation of different HBs in a cluster. The trimer (CH2F2)-W> displayed a cyclic structure linked
with O-H --O, C-H --0, and O-H --F bonds. The trimer (CH2F2).-W showed a geometry connected
with O-H --F, C-H --0O, and C-F --H-C bonds. In the tetramer (CH2F2)2-W5, the cluster is bound by
7 non-covalent bonds including O-H --O, O-H --F, C-H --O, C-F --H-C bonds.

3) Another interesting result is the observation of the competition between reactivity and the
pre-reactivity in the mixtures of carboxylic acids and alcohols, which is a basic phenomenon in
organic synthesis. The experimental results on the primary and secondary alcohols mixed with
carboxylic acids have shown that the esterification reaction occurs, whereas only the spectra of the

adducts could be identified by mixing the tertiary alcohols and formic acid.
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Chapter |

Theory of Rotational Spectroscopy

The transition of electrons in atoms and molecules are known to produce characteristically
spectra from optical to ultraviolet region. The vibrational motions of the atoms in molecules are
primarily responsible for the infrared spectra. The slower end-over-end rotation of molecules has
characteristic frequencies in the microwave range. A molecule interacts appreciably with a
microwave electromagnetic field only if it has a permanent electric or magnetic dipole moment,
usually electric dipole moment. Thus, the molecule is a rotating dipole which acts as a small
antenna in radiating or receiving electromagnetic waves which have frequencies coinciding with the
frequencies of the rotating dipole.

Discussion of the interpretation of microwave spectroscopy in this chapter will begin with
symmetric-top and asymmetric-top molecules. Then quadrupole hyperfine structures and the effects
of hindered motions of molecules on the rotational spectra will be considered. The characterization
of the molecule structure from rotational spectra will be discussed after the broader outline of
rotational spectra have been treated.

The comprehensive and detailed knowledge of rotational spectroscopy is available in several

monographs.-!

1.1. Classical rotational energy and classes of molecules

To derive the information of the molecular structure from the observed rotational constants
requires the knowledge of classical moments of inertia.
In the classical angular momentum formula of a rigid system
P=l (1.1)
o is the angular velocity and I is the moment of inertia tensor, written as
I = badi + lyij + baik
+ Iygi + lyjj + lyzjk (1.2)
+ loKi + lyKj + 1zkk



where:
lo=> mM(y?+22%)
lyy=>"m(z*+x?)
=Y m(x*+y?)
lxy=lyx=-2"mxy
lyz=ly=-> myz
Ix=lx=-> mxz (1.3)
where m is the mass of a particle and x, y, z are its coordinates relative to a rectangular coordinate
system fixed on the rotor. Generally the origin of the coordinate system is chosen at the center of
mass of the rotor. In this way, the total kinetic energy can be treated as the sum of the translational
motion of the mass center and rotational motion with respect to the mass center. The elements in the
moment of inertia tensor can vanish except the three diagonal elements by the diagonalization of the
tensor. The three diagonal elements are called principal moments of inertia. Or we can obtain them
by resolving equation
1&=1€ (1.4)
where | is the inertia matrix in any reference frames, ¢ is the eigenvector of the matrix, and | is
the eigenvalue relative to & The eigenvalues | are the values that will appear in the diagonalized
form of inertia matrix I. So by finding the eigenvalues we have diagonalized the matrix. By
resolving the cubic equation
hoc— | Ly I
Iy ly—1 ly. |=0 (1.5)
I Iy lz—|
we can obtain three roots which are the eigenvalues, notated as Iy, ly, Iz, respectively. They are
the principal moments of inertia of the rigid body rotating along X, y, z. The notations x, v, z
represent the principal axes system, which are the roots of the eigenvector ¢ in the equation (1.4)
with respect to Iy, ly, I, respectively. In the principal axes system, the products of inertia vanish, so

the rotational Kinetic energy can be written easily

P2 F)y2 PZ
SEFTIAETRATS (1.6)

The moments of inertia of a molecule can be represented by an ellipsoid whose orientations
are fixed in the molecule and whose center coincides with mass center of the molecule. The relative
magnitude of the molecular moment of inertia along any axis is just equal the distance between the
mass center and the intersection of the axis and the ellipsoid. If we choose the coordinate system

along the principal axes of the ellipsoid, then the equation of the ellipsoid of inertia can be



formulated as:

2 2 2
y
[
x byl (1.7)

where Iy, ly, and I are the moments of inertia along the principal axes.
For convenience, the moments of inertia will be substituted by rotational constants in the

rotational energy calculation.

A=——: B=——:; C=—— (1.8)
4] Ar] 4]

X y z
Rotational constants are generally expressed in MHz; moments of inertia are in amu A2 In the
general convention, the increasing orders are normally defined as:
k<Wy<Il;A>B>C (1.9)

Based on the symmetry of the molecular structures, they can be classified into four classes:

1) Spherical tops (A = B = C). All three principal moments of inertia are equal to each other.
However, the spherical top molecules generally cannot interest microwave spectroscopists, since
the high degree symmetry does not allow the molecular dipole moment to be present.

2) Linear molecules (Ix << ly = I;). which belong to the class with a zero moment of inertia about
one of the molecular axes, and with other two principal moments of inertia equal in value. For
most purpose, Iy can be taken to be 0.

3) Symmetric tops. A symmetric top is a molecule in which two moments of inertia are same. It is
characterized by a threefold or higher symmetry axis. For the symmetric-top molecules, if x or an
axis lie on the symmetry axis (4 > B = (), they are called prolate-tops; if z or ¢ axis lie on the
figure axis (4 = B > C), the molecules are called oblate-tops.

4) Asymmetric tops. The general rotor where all the three principal moments of inertia are different
is called asymmetric rotor or asymmetric top. The asymmetry of a molecule can be described in
terms of an asymmetry parameter «, as below,

o 2B-A-C
A-C

It is obvious that x varies from -1 (prolate symmetric-top) to +1 (oblate symmetric-top).

(1.10)

1.2. Quantumechanical rigid rotors

The microwave spectral frequencies are relative to the transitions between two characteristic
energy levels, which are the eigenvalues of the Hamiltonian operator for molecular rotation. In the
free field, the rotational kinetic Hamiltonian operator of rigid rotor can be expressed in terms of



angular momentum principal axes as stated in equation 1.6 replaced by the conjugate operators (in
bold). So in the body fixed principal axes system, the operator is

Pz py2 Pz
r:_x+_+_z 111
H 21, 21, 21, ( )
where
p, —-in(y 2 -22)
oz oy
. 0 0
P =—1hi(z——-—x— 1.12
. (6x az) (1.12)
P, :—ih(xi— yg)
oy ~ OX

The operators which commute have a common set of eigenfunctions. Thus, for the operators
P? P,, and Pz, the eigenvalues can be obtained with the same eigenfunction’s set, as shown below,
P2yakm = H2I(J+1)wakm
Pzyakm = AKwikm (1.13)
Pzwikm = EMykm
where Z is from XYZ axes system in terms of the space fixed reference, and z is from the body fixed
principal axes system xyz. J, K, and M are the quantum numbers of P, P, and Pz respectively, and
integers with |K|<J, and |[M|<J. It is worth noting that the quantum number K appears only for
symmetric tops and corresponds to the projection of the angular momentum along the symmetry

axis.

1.2.1. Spherical tops.

Since the three principal moments of inertia are equal each other (L=Iy=I,=l). The

Hamiltonian operator can be expressed as:

H :i(P2+P2+P2):P—2 (1.14)
B I ]
The eigenvalues of Hare simply as:
2
E, =<J,K|HrJ,K>=w:hBJ(J +1) (1.15)
1.2.2. linear molecules
When we take the condition as ly=1; = I, Ix= 0, and Px = 0. The Hamiltonian operator can be

expressed as:



H, :2—1|(Py2+Pf):— (1.16)

The energy levels in the free field can be obtained as:
72
E:2—IyJ(J +1)=hBJ(J +1) (1.17)
Considering only the interaction of the electric component of the electromagnetic radiation
with the electric dipole moment, the selection rules for rotational transition of the linear molecules
are
AJ =+1AM =0,+1 (1.18)
Applying this selection rules to the energy levels, one can get the rigid rotational frequencies:
v=2B(J+1) (1.19)

1.2.3. Symmetric-top molecules

For the prolate-tops (Ix < ly = I,), the Hamiltonian can be expressed as:

p? 1 1

R Il (1.20)
The energy for prolate-top is
E = hBJ(J+1) + h(A-B)K? (1.21)
For the oblate-tops (Ix = Iy < I,), the Hamiltonian can be expressed as:
2
H, = P__,_(i_i)pf (1.22)
21,21, 21,

The energy for oblate-top is
E = hBJ(J+1) + h(C-B)K? (1.23)
From the equations, one can see that all levels for K > 0 are doubly degenerate. Since K is the
projection of J on the molecular symmetry axis, J > K, for any given K, the lowest energy level is
when J = K. With a given J, for the prolate-top the energy levels are increased with K while for the
oblate-top the energy levels decrease with K.
The selection rules for rotational transition in the symmetric molecules are
AJ =+1AK =0;AM =0,+1 (1.24)
Applying this selection rules to the energy levels, one can get the rigid rotational frequencies:
v=2B(J+1) (1.25)

1.2.4. Asymmetric-top molecules
When it comes to asymmetric-top rotor, Ix # ly # Iz, The projection of the angular momentum

5



is not constant along any axis fixed on the molecular body. Thus, K is no longer a good quantum
number. Thus, Hr is not diagonal in the J, K representation. The matrix elements of H; are both
diagonal and off-diagonal, but they do not represent the eigenvalues of H,. In the coordinates of the

principal axes of inertia, the non-vanishing diagonal matrix elements of H; are expressed as

2
(3.KH,[J.K) =% J(J +1)(Ii+li)+(|3—li—li)|<2 =2[(A+ B)J(J +1)+(2C - A— B)Kz]
X y z X y
(1.26)
and the non-vanishing non-diagonal elements are
2
(3.K[H, J,Ki2>:%[J(J +1) - K(K+D)[?[3(3 +) - (K £1)(K J_rz)]”(li—li)

v (1.27)
= 2(8 ~ A +D)-KK D[ [I0 +) - (K +1)(K £ 2)[

Although K is no longer the good quantum number, the parameter K can be kept labelling the
rotational energy level. K1 (or Ka) represents the value of K for the limiting case of prolate top
while the K1 (or K¢) is K for the limit of oblate top. So the rotational energy level is labeled as
notation Jk.k.. In another way the energy level can be also labeled with a simply subscript z, written
as J.. 7 has no any physical meaning only serves as the label of the different rotational energy level.
The relationship between them is 7 = K1 - K.

Following Ray’s proposal, let A, B, C be substituted by oA+p, oB+p, aC+p, respectively,

where
o = 2/(4-C), p = -(A+C)/(A-C) (1.28)
So
oA+p =1
oB+p = (2B-A-C)/A-C = k (asymmetry parameter)
oC+p =-1 (1.29)
Then

E(cA+p, 6B+p, 6C+p)=[(cA+p)Pa2+(cB+p)Pb2-+(cC+p)Pc2]/h2 = 6E(A,B,C)/h + pJ(J+1)  (1.30)

The rotational energy can be expressed in terms of reduced energy E(1,«,-1) or E(x):

A+C
2

The reduced energy E(x) has been well tabulated, thus the rotational energy can be

E(AB,C)=h[ JQJ +1)+A?C E(x)] (1.31)

conveniently obtained from the equation (4.11). Additionally, the reduced energy tabulation has the
equality:
E! (k) =—E’,(-x) (1.32).



Figure 1.1. shows the energy levels diagram as a function of the asymmetry parameter «.

J Ka JKaKc K J

\ 11
0l \ 1
0 0 0q0 0 o0
-1 K 1
Prolate top Oblate top

Figure 1.1. energy levels diagram as a function of the asymmetry parameter . the limit values of x are shown for
prolate-top (-1) and oblate-top (1).

Three types of rotational transitions can occur for a rigid asymmetric top with respect to J.
The selection rule for J is 4J = 0, 1. A4J = 0 specifies the Q branch when 4J = -1 and 1 represent P
and R branches, respectively. By considering electric dipole moments, the selection rules for

rotational transition in the asymmetric molecules can be expressed in terms of K, and K¢, as shown
in the table below,

Table 1.1. The selection rule in terms of 4K of rigid asymmetric top.

AKa AKe

ta 0, +2, #4,... +, 43, 45,...
o 41, 43, 45, 4, 43, 45,
e 41, 43, 45, 0,42, ..

Depending on the components of the dipole moment, the transition can be classified as three
types of transitions which are a-type, b-type and c-type. All the transitions can be expected if the

corresponding components of dipole moment are present. Generally, the transitions with smaller
AKa or AK: will dominate the spectra.

1.3 Non-rigid rotor

As expected, the rigid rotor theory is not sufficient to describe the observed high resolution

rotational spectra The rotational energy levels are influenced by the perturbation resulting from the



vibration-rotation interaction, centrifugal distortion, and other effects. The rotational frequencies
can deviate from the rigid-rotor theoretical predictions from a few to hundreds of MHz, especially

for high J transitions and for non-covalent binding cluster system.

1.3.1. Classic description of centrifugal and Coriolis forces.

As we know in a non-inertial reference frame, the inertial force on the target object should be
considered, while in a rotational reference frame another Coriolis effect should be added on the
moving object. Thus when a vibrational-rotational molecule is considered with respect to the axis
system fixed on the rotor, these two kinds of forces are present which perturb the pure rigid
rotational energy levels. They are centrifugal and Coriolis forces, respectively. They can be
expressed in classical theory respectively as:

F. =ma’r

(1.33)
Fg =2MVX®

Where e is the angular velocity of the body-fixed axis system with respect to the space-fixed
axis system, v is the linear velocity of the atoms with respect to the body-fixed axis system, r is the
distance of a mass m from the rotational axis. From the formula one can see that the centrifugal
force is only related with the rotation, while the Coriolis effect is a vibration-rotation interaction. As
the molecule rotates, the centrifugal distortion is exerted on the atoms to produce linear motion. The
inter-atomic distance increases with the velocity of rotation and is function of the rotational states.
The Coriolis force can produce velocity components perpendicular to the normal velocity vectors,

which makes the coupling between different vibrational modes.

1.3.2 Centrifugal distortion and effects of vibrational excitation on the B value in

linear molecules

According to the rigid rotor theory mentioned above, the transitions of a rigid rotor should be
spaced by 2B, where B is the rotational constant. However, the experimental transitions appear at
lower frequencies, with discrepancies increasing with J. This effect is responsible by the centrifugal
distortion, which can slightly increase the bond length. In the Schr&linger equation, this effect
generally is treated as a perturbation on the rigid rotor. The resulting energy expression is

E =hBJ(J + 1) - hDJ?(J + 1)2... (1.34)
where D is the distortion constant, and B is the effective rotational constant including the vibrational
terms instead of the equilibrium one as described in the rigid rotor. Thus, B can be expressed as

below included the distortion contribution,



B,=B,—Y &, +%)— D,J(J +1) (1.35)

where v and d; are the vibrational quantum number and degeneracy of the i-th vibration. Be is the
equilibrium rotational constant, «i is the vibration-rotation constant for the i-th vibration. For the

ground state of the molecular system the rotational constant should be
B, =B, —Zai?d‘— DJ(J +1) (1.36)

From this formula one can see that the rotational constant of the ground state is not equal to the
equilibrium value. The frequency transition from J to J+1 state takes the form:

v = 2B,(J+1) - 4D,(J+1)3 (1.37)
D is always positive, and this is why the observed spectrum tends to converge with increasing J.
The distortion constant is related to the force constant of the vibrational mode, for example for the

diatomic molecule it can be evaluated as

D =4B?/ 0’ (1.38)

1.3.3. Centrifugal distortion in symmetric-top molecules

Similarly, as linear molecules, centrifugal distortion also influences the rotational spectra of
symmetric-top molecules. The effect generally forces the atoms away from the rotational axes. With
the consideration of this effect, the rotational energy levels for a prolate top should be expressed as:

E = hBJ(J+1) + h(A-B)K?- hD3J?(J+1)? - hDykJ(J+1)K? - hDxK* (1.39)

The measured transition frequencies from J to J+1 state should be fitted in the equation:

v = 2B(J+1) -2Dsk(J+1)K? - 4D;(J+1)% + Hyp(J+1)3 x [(I+2)>-F°] + 4Hok(I+1)%K? + 2Hkk(I+1)K?
(1.40)

The last three terms are the second order distortion corrections, which are needed for the fit of
high J transitions. From the equation it is worth to note that the transition frequency also depends on
the value of K which does not appear in the rigid top expression.

In addition, for the asymmetric-top molecules the quantum number K, the angular momentum
along figure axis, is not a good quantum number any more. However by introducing a Hamilton
term H® representing centrifugal distortion to the rigid Schrédinger equation, the similar energy

expression has been obtained, as we discuss here for linear and symmetric-top.

1.4. Nuclear quadrupole coupling

In brief, this effect is originated from the coupling between the nuclear spin angular

momentum | and the molecular rotational angular momentum J, through the interaction between the



quadrupole moment Q of the nuclei and the electric field gradient raised by the electrons and the
other nucleus of the molecule at the position of the nuclei. The interaction generates a twisting
torque on the nuclei and tends to align the spin momentum along the direction of the field gradient.
As a result, the spin momentum will precess along the direction of the field gradient, arousing a

added precessional frequency and splitting the energy levels. Such a quadrupole interaction needs a

non-spherical charge distribution in the nuclei which is satisfied in the nuclei with I > 1/2. | is the

quantum number of | with a value of half-integer or integer which depend on the composition of the
nuclei. 1) I equal zero if both the number of the neutrons and the protons in the nuclei are even; 2) |
is a half integer number (1/2, 3/2, 5/2...) if the sum of the neutrons and protons is odd; 3) I is an
integer (1, 2, 3...) if both the number of the neutrons and the protons are odd. The quadrupole
moment Q is positive if the nuclei has a prolate charge distribution when it is negative if the charge
distribution as a oblate shape. The coupling of spin angular momentum | and the rotational angular

momentum J can produce a total angular momentum F as shown in schematic diagram Figure 1.2.

F=J+1 (1.41)
So, the quantum number F is quantized and can take the following values:
F=J+1,J+1-1, .. |3 (1.42)

€

i

1

Figure 1.2. The vector model of F formed by J and 1. Mk is the projection of F along the external field &.

The selection rule of the transitions between different energy level are:
AJ=0,£1;AF =0, # (1.43)
As we know the electrical energy of the nuclei in the extra-nuclear field is:

10



E={pVdr, (1.44)

where pn represent the density of the charge of the nuclei in elemental volume dzn = dXdYdZ, where
XYZ is the space-fixed reference, and V is the potential arising from other charge in the molecule.
When the potential is expressed in the Taylor’s expansion, one can obtain the first order term (the
usual monopole interaction), the vanished second order term, and the third order term, which is the
quadrupole interaction Eq. In the rotating molecule, the interaction of a single coupling nuclei is
written as:

3CC+D) - +DI(1 +1)

1 2 ) ; 4
E.=——Q.VE=—— —— <J,i|d23,i> 1.45
Q 6 Q (J+1)(2J+3) g_;,clgg 9 2J(2J -DI1(21 -1 ( )

where g = a,b,c are the principal inertia axes, i is one of the the axes of the space-fixed reference,

and

C =F(F+1)-J(J+1) - I(1+1) (1.46)
and by convention, the coupling constants are designated as:

Xog = €Q0yy (1.47)
where

Qoo = % (1.48)
Hold by Laplace’s equation,

Koo+ Xop + X =0 (1.49)

By customary, they are expressed in terms of one coupling constant with the most nearly symmetric
axis, such as ycc, and an asymmetric parameter #:

n= Xaa — Xbb (150)
X

1.5. Internal motions

As of considerable interest for physicists and chemists, large amplitude internal motions such
as internal rotation and ring puckering, have been studied for a long time by MW spectroscopy. The
study the potential functions and barrier heights can provide the essential information to test and
improve the theoretically predictive methods, and help us understand the origin and of the potential

barrier and the forces in charge of the conformational performance.

1



1.5.1. Internal rotation

The internal rotation in a molecule can be described as a function of a torsional angle a with
respect to the two rotating groups of the molecule. Apparently, the potential energy is a periodic
function of a with the period 2a/N, where N represents the degree of the symmetry of the rotor.
With the setting potential V=0 at =0, the potential function can be expressed as a Fourier

expansion as:
A Vo
V(a):?(1—cosNa)+T(1—cos2Na)+--- (1.51)

As an example, we consider here only the threefold barrier such as the internal rotation of the
CHs group in many organic molecules. In this way the potential function (omitting the higher orders

Ve term which is generally less than 3% of V3) can be expressed as:
V3
V(a)= ?(1—005305) (1.52)

The function can be depicted as Fig 1-3.

Figure 1.3. The potential curve and the torsional energy levels as the function of a. v is the torsional quantum

number and A and E are their symbols related to their symmetry.

Substituting the potential function into the wave equation for internal rotation, it is:

d°U(a)

F
da’

+[\§ (1-cos3a)-EU(a) =0 (1.53)

where:
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2
e _h

o (1.54)

I is the reduced moment of inertia of the two parts (a, ) rotated with respect to each other in the
molecule, calculated as:
I 1

|, = “I* (1.55)
g

Ia

In order to understand the the spacing between the energy levels in the case of a finite t
barrier, it is helpful to consider two extreme cases, which are the free rotor limit (V3 — 0) and the
three-fold harmonic oscillator limit (V3 — o). For a general case with a finite barrier, the torsional

energy level can be represented as the schematic diagram as below,

m \
+7 E
A 4
+6 A
E 3
+5
E
+4 T b
+3 A
E 1
+2
+] E
) 0
0
V=0 V.=

Figure 1.4. The torsional energy level between the energy levels of free internal rotation labeled by quantum
number m, and three-fold harmonic torsional oscillation labeled by quantum number v. The levels labeled by A are

nondegenerate while the E levels are doubly degenerate.

For the two extremes, the eigenfunctions and eigenvalues can be obtained easily from

equation (1.53). For the free rotor limit, they are

U, (@)= ﬁeiwk”)“ (1.56)
E,, =F@k+0o) (1.57)

where k = 0, £1, £2..., and the indexes ¢ = 0, £1 represent A and E states, respectively. For the

infinite barrier limit, they are

Uy(a)= %[Hv(l) +HP +H®P]

le(a>=%[H§“ +eH® +62HO)

13



U,.(a) =%[H51> +&HP +eH ] (1.58)

E, =3(V,F)"*(v+1/2) (1.59)
where & = exp(i2n/3), and H\Y, H,®, H,® are the harmonic oscillator functions with the centers at 0,
2n/3, and 4m/3, respectively.
The splitting of the rotational spectra can be interpreted by the interaction between the overall
and internal rotations. In the classical theory, the kinetic energy of a molecule with an internal
rotation top can be written as:

T:%ZIga)§+

g

2

lLa +1,a¥ Ao, (1.60)
9

N |~

g=XVY,z
Ig are the principal moments of inertia of the whole molecule, 1, is the moment of inertia of the
rotating top around its symmetry axis, wgq are the angular velocity components of the molecule, o’ is
the angular velocity of the top relative to the framework, and /4 are the cosines between the rotating
top and the principal axes of the molecule. By substituting the following equations

oT .
P=—-=10+4l,a
g awg g g g «a (1 61)
or . '
p=—r=l,a+1,) A0,
oa 9

into (7.10), then it can be written as

1P, 1., -
T=">"4"rl_a 1.62
2%%g 2 (1.62)
and
Al,
r=1-> | (1.63)
9 g

So, the Hamiltonian operator involving overall and internal rotations can be expressed as

H=H, +F(rl, a)+V(a) (1.64)

Applying the Van Vleck transformation, the Hamiltonian can be expressed as

HVO' = Hr + I:[Vvv(c(r)) +Wv(j')( p - rla &) +Wv(02')( p - rla 6.{)] (165)
with
2 2 2
H, =A,P +B,P +C,P, (1.66)
where
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Ao = A +W,Fp]

— (2) 2
B,, =B, +W.2Fp’ (1.67)
CVO‘ = CZ +WV(02') sz

z

and
A,

g

= (1.68)

The W coefficients are dependent on the reduced barrier, Va/F. It is worth noting that in the
Hamiltonian, the rotational constants Ax, By, C; have been replaced by A, By, Cyo.

1.5.2. Inversion motion

Another hindered internal motion which can split the rotational spectra is the inversion
motion. This interaction generally exists when a molecule possesses two energetically equivalent
configurations, for example NHs, gauche-Ethanol, indan. The two equivalent configurations are

separated by a potential barrier, as shown in Figure 1.5.
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Figure 1.5. Potential functions and partial wave functions of harmonic oscillator (left), finite inversion barrier

(middle), and infinite inversion barrier (right).

On the left, one can see that when the absence of the inversion barrier, the vibrational energy
levels are evenly spaced in the harmonic potential well. When an infinite barrier separates the wells,
the molecule will be trapped in one of the two wells with double degenerate vibrational states. In

the finite barrier case, the quantum mechanism allows the states lying below the barrier to tunnel
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through the barrier at a rate which is a function of barrier height and width. The coupling of the two
equivalent states through tunneling can lift the degeneracy and produce a pair of vibrational states
(+, -). The signs (+, -) represent the symmetric and antisymmetric wave functions respectively. In
the case of inversion tunneling, two kinds of rotational transitions can occur. The first group are the
intrastate transitions which occurs between the levels with same symmetry. The other is the
interstate transitions between levels with different symmetry. As shown in Figurel.6, a schematic

diagram illustrates these two kinds transitions.
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Figure 1.6. The intra- and inter- state transitions. As an example, here the a and b types transitions are intrastate

transitions while c-type transition occur between different astates

From Figure 1.6, we can see that the tunneling splitting 4E(0*0") can be directly obtained
from the interstate transitions. In this dissertation, there is a good example to illustrate this situation,

which is the study of the rotational spectroscopy of indan.

1.6. Molecular structure evaluation

Microwave spectroscopy provides a very accurate method to determine the rotational
constants and moments of inertia. However, this is not the ultimate aim for the spectroscopist unless
some methods were available for converting these data into molecular structure information. In this
process, not only the uncertainties of the Planck’s constant but also the vibrational effect has been
proved to be the difficult problems to overcome in evaluating the structural parameters with a
satisfying accuracy, especially for the second one even in the ground vibrational state. Different

procedures have been introduced into the correction of the various degrees for vibrational effect. In
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general, three types structures are used in the spectroscopic study and defined as re, ro, and rs,

1.6.1 re: the equilibrium structure for the hypothetical vibrationless state.

It corresponds to the minimum of the potential surface. It can be evaluated by correction for
the effects of vibration including zero-point vibration.
The relationship between the equilibrium and the effective moments of inertia can be

expressed as:

|;=|g+z(vs+d—25jzg; a=ab,c (1.69)
where the rotation-vibration parameters are:
2
gl = (%}(I far (1.70)
. (6B}’
al = —— |d+a) (1.71)
a)e

In addition, 1, and I.° are the effective and equilibrium moments of inertial, respectively. vs is the s-
th vibration, ds is its degeneracy, we is the classical harmonic vibrational frequency, a: is the cubic
anharmonic constant.

The equilibrium structure might be the most meaningful one in physics, however it is not
usually feasible to acquire enough experimental data to obtain its value. Plenty of knowledge on the
potential constants is required, except for simple molecules in which the anharmonic constants are

available.

1.6.2. ro: the effective structure for the ground vibrational state.

The most obvious method to obtain the molecular structure is directly derived from the
experimental rotational constants Bo. The relations between them are:
h

= 1.72
= 3710 (1.72)
I°:;=Zm.r? (1.73)

b <l/zimiri2> - i°0i .

From the equation, one can see that
1 1
[, =<5 > 2# [, £<[ >#< % >?2 (1.74)
r

The ro differ slightly for each isotopic species. By assuming ro to be identical for each

isotopic species, a set of equations can be solved to give the rg structure. This procedure, least-
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squares fitting techniques, is based on the linearization of the equations set:

0 al,

IP=17+2 pra o (1.75)
where 1%is the i-th experimental moment of inertia, pj is the i-th structural parameter, Ii" is the i-th
moment of inertia of the initially assumed structure, /i/0pj represents the change of Ii” with a small
change in p; when fixing all other parameters. This procedure will be repeated until the
discrepancies between calculated and measured values are acceptable, and then a satisfying

parameter correction 4p;j from the initial structure can be obtained.

1.6.3. rs: the substitution structure.

It is derived from the rotational constants of isotopic substitutions. In principle, the rsdistance
lies between the re and ro distances and hence closer to the equilibrium value. However sometimes
it is not accurate, for example when the substituted atom is closed to principal axes. By assuming
that the position of each atom does not change upon isotopic substitution, the substituted
coordinates e can be derived by resolving Kraitchmann’s equations. We will discuss here the non-
planar asymmetric-top as a general case. It is convenient to use the planar moments of inertia P to
obtain the rs. The principal moments of the parent and substituted species can be obtained from the
experimental rotational constants and the relationship between them with the principal moments of

inertia are:
1
P, =§(—IX+ I, +1,)

1
Pyza(—|y+|z+|x) (1.76)

1
P =Ll +1)

The matrix of the planar moments of inertia P of the parent molecule in its principal axis
system can be expressed as:
> mx 0 0
P=| 0 > my? 0 (1.77)
0 0 > mz’
For the isotopically substituted molecule with respect to the same axes system, the elements of P’

are:
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Pxx': Px + ,uxz

" 2
P,'=P, +uy
Pzz‘= Pz +IUZZ
Py'= pxy
I:>XZ| =ILLXZ
P = uyz

The reduced mass for the substituted species is defined as

_ MAm
a M +Am

with M is the total mass of the parent molecule, 4m is the mass difference of the

substituted atoms.
The secular equation for the substituted molecule is hence:

P+ ux> —P' Uxy uxz
2 ' —
pxy P +w”—P wz |=0
uxz wz P, + uz® —P'

by resolving the equation, the coordinates of the substituted atom can be given as

1/2
AP
|x|: AF, 1+ y (1+ AP, j
w " P -P PP

where

1
AP, =~ (=AL +Al, +Al,)

1
AP, = (<Al + A1, +Al)

1
AP, =~ (=A1, +Al, +Al,)
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Chapter 11

Experimental techniques in rotational spectroscopy

As a powerful tool in molecular science, rotational spectroscopy has been progressing
impressively.[*5! Since the first study of the microwave spectrum on a molecule (NH3) in 1934,
this technique has experienced more than 80 years. People working in this field never stop
developing this technique and just recently still impressive advancements have been achieved. The
rotational spectrometer was developed from the microwave Stark spectrometer by Hughes and
Wilsonl”, then the Fabry-Pé&ot Fourier transform microwave spectrometer by Balle and Flygare
was introduce in 1981 then the broadband chirped pulse Fourier transform microwave
spectrometer by B. H. Pate was developed™, and just recently the three-wave mixing technique is
utilized to discriminate enantiomers in chiral samples*%.

The application of the time-domain detection of the rotational free induction decay (FID)
made it possible to achieve high frequency resolution without the power broadening found in Stark
modulation. The pulsed molecular beam source used in MW spectrometer has greatly expanded the
research range of molecular systems and made it possible to characterize larger molecules and non-
covalent bonded clusters. Different designs of sample sources, for example a great advance was
achieved with the introduction of supersonic jet sources coupled to microwave spectrometers and
also with the fast mixing nozzle and laser ablation techniques, giving us the chance to investigate

more systems such as pre-reactive adducts and solid samples.

2.1. Free-Jet Millimeter-Wave Stark Modulated Absorption (FJ-
MMWA) Spectrometer (Frequency-Domain)

In the free-jet-microwave laboratory at the University Bologna, the first free-jet spectrometer
was built by Prof. P. Favero, Prof. W. Caminati and Prof. S. Melandri in 1993 and it was, similar
to the one in already present at Monash University.l*? In brief, a monochromatic radiation passes
through a cylindrical vacuum chamber and crosses vertically with a molecular beam. The radiation
intensity can be modified by the molecular absorption. The transmission recorded as the function of

the radiation frequency yields the spectrum.
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Figure 2.1. Schematic absorption cell (A and B) and the molecular beam system (C).

As shown in Figure 2.1, the molecular beam is expanded along the axis (x) of a cylindrical
vacuum chamber with diameter of 25 cm and length of 25 cm. The chamber is evacuated with a
diffusion pump yielding a throughput of around 4000L/s and the background pressure is kept in the
region of 10° Pa, At the end of the chamber, a chevron baffle cooled with liquid nitrogen is settled
to protect the vacuum system from the pollution of the non-volatile components in the molecular
beam. The nozzles with diameters ranging from 0.03 to 0.05cm are used and generally Argon is
used as the carrier gas with a stagnation pressures 10-100kPa. The molecular beam can achieve an
estimated rotational temperature of about 10 K. Lines separated by more than 300 kHz are
resolvable and the estimated accuracy of the frequency measurements is better than 50 kHz. There
are four parts in the absorption cell (see Figure 2.1(A)) where the microwave radiation interacts
with the molecular jet plume (dotted circle). The molecular beam system (Figs. 2-1(B) and (C)) is
movable along the x-axis to obtain the best conditions. The lens system along the y-axis can
concentrate the radiation into the plume region with a waist of about 2cm. Along the z-axis, Sand S’

are two plates spaced by 5 cm which provide the Stark modulation. The unearthed plates are
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guarded and a voltage of up to 3 kV with a frequency of 33 kHz are applied to the plates. Along the
z-axis there is a Fabry-Pé&ot semiconfocal interferometer which can produce a radiation with
concentration similar with that of the lens system. The spherical mirror is movable under vacuum
controlled by an automatic electro-mechanical control (the driving system is not shown) so that the
interferometer can be kept resonant at the operating microwave frequency. Figure 2.1(C) is the
detailed diagram of a heated nozzle system: section a is the nozzle saturation chamber where the
sample is electrically heated, and the temperature can be controlled up to 400<C; section b is the
preheating chamber for the carrier gas; section c¢ is the water-cooled system; section d are the
entrances of the carrier gas and substance, where the liquid or powdered solid substance can be
filled into the saturation chamber under vacuum operation.

Recently the MW source of radiation system was updated as described below.[*®! In addition
to the 2013 design, a new radio-frequency source has been used and a box diagram of the
microwave circuit and modulating scheme used in the experiment is reported in Figure 2.2. It is
based on an X-Band synthesizer followed by a x4 multiplier chain composed of two multipliers
(doublers). The first doubler is active and the second one is passive, and they are separated by an
isolator and a low pass filter. The presence of the isolator improves the coupling between adjacent
elements of the chain, and the filter helps to eliminate unwanted harmonic signals that could be
present. In fact, the frequency multiplication process is not an ideal one because it can give rise to
some disturbances (unwanted harmonic frequencies, phase noise, and even spurious signals) in the
output signal, but if a high-frequency generator is not available, the introduction of filters placed
downstream of the generator and each multiplier improves the performances of this kind of
multiplication system. Depending on the section of the chain, both a band-pass filter and a filtering
effect due to waveguide cutoff have been used. Power amplifiers as well as variable attenuators
have been placed to drive correctly the multipliers and the FJAMMW. The transmitted power is
detected by Schottky diodes (Millitech DXW10, Millitech 47324H-1211) and a lock-in amplifier.
The lens system had been designed for the 48-72GHz frequency range, however it can work up to
78 GHz without any apparent degradation of the factory specifications. The spectrometer has a
resolving power of about 300 kHz and an estimated accuracy of about 50 kHz.

The schematic diagram and the introduction of the entire spectrometer is shown in Figure 2.2,
and the photo of the FJ-AMMW laboratory at UNIBO is shown in Fig 2.3., as below.
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Figure 2.2. Block diagram of the Free-jet absorption millimeter wave spectrometer (FJAMMW): 1. Microwave
synthesizer HP8672A (2—18 GHz). 2. Reference signal, Rb oscillator (5 MHz), Ball-Efraton FRK-LLN. 3. Hittite
Amplifier MW (5—20 GHz) Gain: +20 dB. 4. Variable attenuator, NARDA (10 dB). 5. Frequency doubler Spacek-
laboratories (26.5-40 GHz). Output power: +17 dBm Waveguide WR28. 6. Dorado Isolator (26.5-40 GHz, 41
GHz). 7. Low pass filter Spacek-laboratories, fmax = 41 GHz. 8. Frequency doubler Spacek-laboratories (53—80
GHz). Output power: —3 dBm to 0 dBm, Waveguide WR12. 9. Variable attenuator (0—35 dB). 10. Horn-dielectric
lens system (Montech-Clayton, Australia). 11. Supersonic-jet expansion chamber. 12. Stark plates. 13. Schottky-
diode detector: Millitech DXW10 for frequencies above 60 GHz or a Millitech 4731 4H-1111 for frequencies
below 60 GHz. 14. High-voltage square-wave modulation: electric field up to 750 V-cm—1 at a frequency of 33

kHz. 15. Digital lock-in amplifier. 16. Experimental control and data acquisition.

Figure 2.3. the picture of the FJAMMW spectrometer in UNIBO.

2.2. Pulsed jet Fourier transform microwave (PJ-FTMW)

spectroscopy
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2.2.1. Pulsed supersonic jet expansion

The use of the pulsed jet valve can ideally combine with the pulsed exciting radiation and
lighten the load of the vacuum system. In our PJ-FTMW spectrometer,*4 the molecular beam is
coaxially propelled into the Fabry-Pé&ot resonator. This arrangement can increase both the
resolution and the sensitivity than in the case where the jet valve is perpendicular with the
symmetry axis of the resonator.

When the gas species expands into the evacuated chamber a supersonic jet, as a result of the
adiabatic expansion, the effective vibration and rotation temperature of the sample is drammatically
decreased, and the molecular beam travels without collision along the direction of propagation of
the radiation. Before the expansion the gas species abide by the Maxwell-Boltzmann distribution
and the molecular velocities vo are determined by the equilibrium temperature To. Then during the
initial stage of the adiabatic expansion, the binary collisions can lead to the conversion of the
random motions of the molecules into a directional transition along the chamber axis. The internal
energy of the molecular species is also transformed into Kinetic energy. The velocity distribution of

the seeded molecules become narrow and shifted toward the terminal value:
V, =(2ks T /mxy (¥ -1) ;¥ =c, /c, (2.1)

where cp and cy represent the mean heat capacities at constant pressure and volume, respectively. m

is the the mean mass of all species and ks is the Boltzmann constant. The terminal velocity V.
corresponds to the one at the extreme when all the internal energy is converted to the Kinetic energy
with temperature To >> Tt = 0. In an ideal situation, the properties of the expansion are dependent
only on the carrier gas, thus the m and y values are set to the carrier gas, and the translational
temperature is calculated below 1 K.

All the molecules in the molecular beam travel with the same velocity v.. along the radial
direction. At the time t, distance r from the nozzle, and angle & with respect to the radial axis, the
molecular number density can be expressed as:

)= (b+1)N 5 cos’ ()
22, T, r’

0

N(r,t (2.2)

where Ty is the supersonic pulse duration, b value varies from 1 to 3 corresponding to ideal effusive
and supersonic expansion, respectively.

In our laboratory at UNIBO, the solenoid valve (General valve, series 9, nozzle diameter 0.5
mm) is applied to generate supersonic molecular beam, and it is located in the center of the fixed
mirror of Fabry—Pé&ot resonator. The MW antennae pointing to the radial axis is located on the
same mirror and below the nozzle (coaxially oriented beam resonator arrangement, COBRA), with
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shape and location optimized for the operation in our frequency range. The diagram as shown in the

Figure 2.4.
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Figure 2.4. Supersonic-jet expansion source.

For the works in this dissertation, ~1% samples in rare gas at a stagnation pressure 0.1~0.6
MPa are expanded into the evacuated chamber (~10° mbar) different condition will be discusses

separately.

2.2.2. Time domain technique

Instead of the previous technique to detect the transmitted signal as a function of frequency
by passing a monochromatic radiation through a sample cell, the contemporary MW spectrometer
records the radiative response signal as a function of time by passing a short period radiation
through the molecular beam in a vacuum cavity. Then the time-domain signal is subjected to
Fourier transformation to get a frequency-domain signal.

The rotational transitions can be measured in the time domain due to the time-dependent
behavior of absorption and emission of two level quantum mechanical systems, even if the
relaxation time in the gas phase rotational system is very short. Because of the detection of the

response signal takes place in the absence of any power from the microwave oscillator and
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modulation, the signal-to-noise (S/N) ratio is unaffected by any source noise and the resolution is
increased considerably.

The molecular rotational resonant transient has two main processes: 1) transient absorption
(or transient nutation, TN). During this process molecular systems absorb energy from the radiation
field increasing their energy. The two-level quantum system is driven, in a shorter time than
relaxation, from stationary conditions characterized by the equilibrium population difference 4Ny
and negligible polarization to a new state that features a macroscopic polarization P at a non-
equilibrium population difference 4Nab; 2) transient emission (or free-induction delay, FID). During
this process the energy stored in the molecules is subsequently released as a spontaneous coherent
emission. The molecular system is taken from a condition of interaction with the radiation, where
the system is polarized and in the thermal non-equilibrium, to the condition, where the external
radiation is removed from the interaction with the system.

The amplitude of the molecular signal at the receiving antenna is proportional to the square
root of the power flow P4y, and can be expressed as

[Tw e, K AN i i
S, |oc 0™ab 7"~ "abab in(XT Yx cos(kv. t)lexp(i(cw. t+6 2.3
| ab| 40)05 ViTMTE ( p) (kvoo )| p( (a)ab ab))| ( )

Where @ = 2zv is the angular frequency, xp = (b+1)/2, ANab is the two-level population difference

in the molecular beam, uab is the dipole matrix element for the transition from state a to b, T, is the
radiation pulse length, Te represents the expansion period from the closing of the valve to the onset
of the observation of the transition emission, and & = w/c is the wave number of the radiation.

The coaxial molecular beam and resonator axis result in:

S, (1) e s'exp(i(m,, —kv )t+86',,))+s"exp(i(@,, +kv, )t +8'",,) (2.4)
Thus, a Doppler doublet can be observed in the frequency domain consisting of frequency
components at Van(1-Va/C) and van(1+V./C), respectively. Then the molecular resonance frequency is
recovered as the arithmetic mean of the two components separated by Avan = 2vanv/C. The line
width of each component is around 1.5 kHz.

In our laboratory at UNIBO, the spectral line position was determined after Fourier
transformation of the 8k data point time domain signal, recorded at intervals of 100 ns. Each
rotational transition is split by Doppler effect and the estimated accuracy of frequency
measurements is better than 3 kHz and lines separated by more than 7 kHz are resolvable.

2.2.3. PJ-FTMW spectrometer at UNIBO

The first Fabry—Pé&ot cavity PJ-FTMW spectrometer of the Balle—Flygare type in our lab was

built by Prof. W. Caminati and his colleagues in 2004.141 The spectrometer was designed under the
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guide of Prof. Grabow and Prof. Alonso since most of the details were taken from the
spectrometer at the University of Valladolid. The frequency region covers 6-18 GHz. The mirrors
are made from aluminum with diameter of 35 cm and curvature radius of 60 cm. The vacuum
chamber was built by HVP (Parma, Italy) and it is a stainless steel cylinder with a diameter of 40
cm and length of 85 cm. The chamber is evacuated with a 8000 L/s diffusion pump operated by a
block of two Leybold mechanical pumps (D65B and Ruvac WAU 251, rotary and booster pumps,
respectively). The photo of this spectrometer is shown in Figure 2.5 and the block diagram includes

the vacuum chamber and electric part is shown in Figure 2.6, as below.

Figure 2.5. the PJ-FTMW spectrometer at Unibo.
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Figure 2.6. Block diagram of the PJ-FTMW spectrometer. MW = Microwave; RF = Radio Frequency; P =
output power, IF = intermediate frequency, IL = insertion losses, G = gain, NF = noise figure, IS = isolation, IR =
image rejection: 1. MW synthesizer, HP 8672 A. 2. MW switch SPDT, SMT SFD0526-001S. 3. Fixed attenuator
MCL BW-S3W?2. 4. Single side band modulator, MITEQ MNO0226LC1C. 5. Variable attenuator, NARDA 4798. 6.
MW amplifier ALC Microwave ALS0618-30-20. 7. Directional coupler NARDA 4203-16. 8. Power meter, HP
435 B + Power sensor 8485A. 9. Fabry-Pé&ot resonator, see text. 10. MW crystal detector HP8470B. 11. MW low
noise amplifier, MITEQ JSD4-0600-1800-16-8P. 12. Image rejection mixer, MITEQ IR0226LC1C. 13. 160 MHz
RF amplifier, MITEQ AU-1466-140. 14. BAndpass filter, TTE KC6-160M-20M. 17. RF mixer, HP 10514A. 16.
RF amplifier, MCL MAN 1LN. 17. Lowpass Filter, TTE LC5-25M-50-7135. 18. Transient recorder, SPECTRUM
PAD 82A, modified following the design of the Kiel University. 19. RF synthesizer, PTS 160-M7020. 20. Pulse
Sequencer TTL, made at the University of Valladolid, based on a PCB card from the University of Kiel. 21.
Reference signal, Rb oscillator 5 MHz, Ball-Efraton FRK-LLN. 22. RF synthesizer, MARCONI 2019A. 23. RF
switch MCL 7MSW-1111. 24. Pulse controller General Valve IOTA ONE. 25. IEEE 488 interface, NI GP-1B-488
PCILI. 26. 1/0O card, NI PC-D10-96. 27. A/D and D/A converter for Stepper motor control made in Valladolid.

2.3. Chirped pulse Fourier transform microwave (CP-FTMW)

spectrometer

Since 2006, the invention of CP-FTMW spectrometer by Prof. Brooks H. Pate has
transformed the field of microwave spectroscopy.l*® This design overcomes the problem of the
narrow bandwidth of conventional FTMW spectrometers and reduces significantly the spectral
acquisition time and sample consumption. The technique enables the collection of more than 10
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GHz bandwidth spectrum in a single shot of the spectrometer. In principle, the spectrometer consists
of three main components: 1) chirped pulse microwave generation, 2) molecular beam chamber, and
3) free induction decay detection. The schematic diagram of this technique is shown in Figure 2.7.,

which is taken as an example from the one built in Pate’s group.

FID acquisition and FT

I
1) !
' 10 MHz Rb ) I

I
. L_Standard__ | chirped Puse ¥ :
: 20 Gs/s I
: % AWG :
! \ 4 S 8 i 8 R I
: 18.99 GHz ; Pulsed Valve 2) :
¢ | FERO M T ! |
: Amplifier : |
[
: Pulse ‘4 :Antenna Antenna :
I Monitor T Q I
s 5 B e e o L e i B s
! I
1 3) |
! I
I [
! I
! I
| 20 GHz I
: p| Oscilloscope I
| (50 Gss) Free Induction Decay :
! I

I

Figure 2.7. Schematic diagram for CP-FTMW spectrometer. The chirped pulse is generated by a AWG and mixed
with a phase-locked dielectric resonator oscillator (PDRO) in a broadband mixer. After up-conversion, the pulse is
amplified by a amplifier and sent into the chamber. The FID is amplified and directly digitized by a digital

oscilloscope.

| worked with CP-FTMW spectrometer for three months in the spectroscopy group at the
University of the Basque Country (UPV/EHU) leaded by Emilio J. Cocinero. The spectrometer was
built based on the original design of B.H. Pate and can measure the rotational spectra over the entire
span of 6-18 GHz in a single acquisition. The schematic diagram of this spectrometer is shown

below:[1%]
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Figure 2.8. The CP-FTMW at the UPV/EHU. A chirped-pulse created by an arbitrary waveform generator (AWG)
covering a base band of 12 GHz is filtered (FILT 1) and upconverted to the operating region 7-18.5 GHz with a
broadband mixer (MIX). The local radiation originates from a stabilized oscillator (PLDRO, 18.95 GHz),
followed by an isolator (ISOL) and a filter (FILT 2). The polarizing radiation is preamplified (Pre-AMP), leveled
(ATT) and power amplified with a travelling-wave-tube (TWT), to be finally radiated through a horn antenna
(HORN). The jet propagates perpendicular to the exciting emission. The molecular free-induced-decay (FID)
captured by a second horn passes a power limiter (LIM) and a protection switch (SW), and is amplified (LNA)

and digitized in the time domain. The components marked with an asterisk are frequency-referenced to a 10 MHz
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Chapter 111

Isolated molecules with large amplitude motions

From the microwave spectra, not only the information of the molecular structures can be
obtained, but also that on large amplitude motions within the molecules. Since the first
measurements of the rotational spectrum of ammonia with the inversion motion tunneling splitting,
large amplitude motions have attracted more and more the attention of spectroscopists and many
molecular systems with large amplitude motions have been characterized by MW spectroscopy.
Typically, this kind of motions are present as: i) internal rotation of symmetric groups (i.e. methyl);
il) inversion of amino or imino hydrogen atoms; iii) internal rotation of light asymmetric groups (i.e.
OH, SH, NHy); iv) ring puckering of four (saturated) or five (near saturated) members rings; v)
pseudorotation. In this chapter | will introduce three isolated molecules which show three different
motions. In the first work the rotational study of indan with a ring puckering motion is involved,
where the energy splitting is directly deduced by the position of uc type transition. As a second
example, | will discuss the rotational spectra for two conformers of 1,2-dimethoxylethane, the
spectra of both of which were split by the internal rotations of two methyl groups. The splittings of
equivalent and in-equivalent internal rotors allow the precise determination of the values of their
barriers to internal rotation. Last one in this chapter will be the rotational investigation of the 1-
methylcyclohexanol. For this molecular system, four conformers have been seen in the spectrum
relative to the different directions of hydroxyl group and relative positions between hydroxyl group
and chair shape saturated six-members carbon ring. As aforementioned both gauche conformers
displayed a spectral split concerted to OH rotation.

Even large group or whole molecule motions can produce tunneling splitting in molecular
clusters. Some examples concerted to this kind motions will be considered in the next chapters, and

in this chapter, 1 only limit the work on the isolated monomers
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3.1. Ring Puckering Splittings in Indan

3.1.1. Introduction

This molecule consists of a six-membered aromatic ring and a five-membered ring (see
Figure 3.1.1) and has interested spectroscopists since this kind molecule can be characterized by
three large amplitude motions of the five membered ring: ring puckering, flapping and ring
twisting™6-*°l. Indan is the prototype model for this kind of molecular systems. The experimental
methods (involving FIR[ e vibronicl*l, MW one-color, resonance enhanced two-photon
ionization spectra (R2P1) and dispersed fluorescence (DF)!®, and two-color resonantly enhanced
multiphoton ionization and zero-kinetic-energy photoelectron spectroscopy!?®!) have been used to
investigate this molecule. However, due to the weak value and the inversion of the |t dipole
moment component, it was too difficult and failed to measure the interstate pt—type transitions8l,
which is significant to directly supply the value of the vibrational tunnelling splitting. Nowadays, it
is feasible to measure even quite weak transitions with PJ-FTMW spectroscopy. For this reason, we
decided to measure the px—type transitions of the most abundant isotopic species (normal) of indan.
The strong intensity of the signal has also allowed us to measure the rotational spectra of its *3C-
mono substituted isotopologues in natural abundance. The molecular shape of indan, including the

principal axes and of the atom labels used through the text, is shown in Figure 3.1.1.

Figure 3.1.1. Molecular shape, principal axes and atom numbering of indan.

3.1.2. Experimental methods

A commercial sample of indan 98% (Aldrich) was used without further purification. The
spectra of the mono-substituted **C isotopologues were measured in natural abundance. The

rotational spectra have been measured with PJ-FTMW) spectroscopy!®®l. Helium, as carrier gas, was
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passed over indan at 60°C temperature, at a backing pressure of about 0.2 MPa, and expanded into
the Fabry-Perot cavity.7]

3.1.3. Rotational spectra

Based on the results of the rotational constants determined in the previous room temperature
absorption MW spectroscopy study, the ua-type transition spectrum of the normal species has been
easily identified with PJ-FTMW spectroscopy!*®l. Even if the ua-type spectra are intra-state
transitions, they displayed small splittings due to the difference of the rotational constants of the
two tunneling sub-states originated by the above-mentioned ring puckering motion. In order to
detect the much weaker inter-state uc-type lines we increased the MW pulse power of the
spectrometer up to the maximum, and in order to increase its concentration in the molecular beam
the sample was heated up to 60 <C ahead ofthe supersonic expansion. All these interstate transitions
were split into two evenly separated component lines. This slitting is ca 44.7 MHz which is the
double of the ring puckering splitting. We have measured 67 a-type and 14 c-type transitions, which
have been fitted together with the rotational frequency reported in Ref. [18]. All transitions have
been fitted simultaneously with a coupled Hamiltonian using Pickett’s suite of programs(8. The
following expression was used:

H = YiHR + H°® + AEq;, withi=0, 1 (3.1.1)
where Hi® represents the rotational Hamiltonian of the state i, H®P is the centrifugal distortion
corrections, corresponding to the 1™-representation of Watson's "'S" reduced Hamiltonianf®®!, assumed
to be the same for both states. AEo; is the energy difference between the v = 0 and v = 1 tunneling
states. The fitted spectroscopic parameters are reported in Table 3.1.1.

Table 3.1.1. Spectroscopic parameters of the parent species of indan.

0 1
A/MHz 3531.0444(7)?
B/MHz 1498.3739(1) 1498.3750(1)
C/MHz 1082.8714(1) 1082.8724(1)
Di/Hz 32.2(7)
Dik/Hz 52(4)
Dk/kHz 0.6(1)
di/Hz 7.1(4)
do/kHz -2.9(3)
AEo/MHz 22.364(1)
ol Gexp P 1.3
N¢ 242
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aError in parentheses in units of the last digit. "Root-mean-square deviation of the fit, referred to an estimated measure
errors of 3 kHz and of 50 kHz for the transition frequencies of this investigation and for those of Ref. [18], respectively.
°Number of lines in the fit (81 from the present work and 161 from Ref. [18]).

An improved accuracy of the experimental parameters has been achieved, compared with
previous workl®l. In addition, the energy splitting AEo1 (= 22.3652(6) MHz) has been precisely
determined from the fit, the rotational constants have been obtained separately for the two tunneling
states accompanied with all quartic centrifugal distortion constants.

The intensity of the spectrum was high enough to allow the measurement of C-
monosubstituted isotopologues, which are as ~1% population with respect to parent species in
natural abundance. Five sets spectra of $3C species have been observed and analysed Four of them
have an abundance of ca. 2% of that of the parent species, since each spectrum is contributed by
two equivalent carbons due to the symmetry of the molecule (*3C1 and *3C3, 3C4 and 3C9, *C5
and 3C8, 3C6 and *C7). The fifth isotopologue’s population (**C2) is only 1%. A portion of the
spectrum displaying the 312 < 211 transitions of the parent and !3C isotopologues in natural
abundance is shown in Figure 3.1.2 All rotational transitions are also reported in the appendix I.
They have been fitted in the same way as the normal species, supplying the spectroscopic constants
of Table 3.1.2. Since the abundance of *3C species do not support the detection of many transitions,

the centrifugal distortion parameters have been fixed to the values of the normal species.

Parent
312211

A\
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13,
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13C6

1302
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8200 8220 8240 8260 8280 8300 8320
Frequency/MHz

Figure 3.1.2. Portion of the spectrum with the 31,<—211 transitions of the parent and *3C isotopologues in natural
abundance.

Table 3.1.2: Experimental spectroscopic parameters of the '3C isotopologues of indan. Centrifugal distortion

constants and the tunneling splitting have been fixed to the values of the parent species.

AIMHz B/MHz C/MHz oY/kHz Ne
13C1 (or 3C3) 3494.71(1) 1486.9640(3) 1073.5820(2) 0.9 9
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13C2 3529.16(1) 1472.0361(3) 1069.2427(2) 0.6 9
13C4 (or 12C9) 3519.11(1) 1498.2566(3) 1081.7008(2) 0.6 9
13C5 (or 13C8) 3483.37(1) 1493.8816(3) 1076.0163(2) 0.8 9
13C6 (or 3C7) 3519.39(1) 1476.9880(3) 1070.5935(2) 0.9 9

aStandard error in parentheses in units of the last digit. °Standard deviation of the fit. “Number of fitted transitions.

Table 3.1.3. Substitution coordinates (rs) of the carbon atoms in the principal axes system of parent indan.

alA b/A c/A
Is e Is e Is e
Cc2 +2.4460(6)* | 2.4366 0.0% 0.0 +0.288(5) | -0.3136
C1(3) | +16008(9) | 1.6112 +1.223(1) | 1.2204 +0.14(1) 0.1483
C4(9) +0.15(1) 0.1925 +0.696(2) | 0.7026 +0.06(3) 0.0634
C5(8) +1.005(2) | -1.0100 +1.407(1) | 14128 | +0.01(13)* | 0.0072
C6(7) +22123(7) | -2.2169 +0.697(2) | 0.7016 +0.05(3) | -0.0578

3Errors in parenthesis are expressed in units of the last digit. "The sign for the b value is opposite by symmetry for the
species in parenthesis.

3.1.4. Structure information

From the rotational constants of these isotopologues, the substitution Cartesian coordinates of
the carbon atoms have been obtained by applying Kraitchmann’s method“’l and using Costain’s
uncertaintiest*t). The results are shown in Table 3.1.3 comparing the ab initio Cartesian coordinates
of the C atoms in the principal axes. The rsstructural parameters of the framework derived from the
substituted coordinates are shown in Figure 3.1.3 and Table 3.1.4. The equilibrium geometry and
the parameters of indan, calculated at the MP2/6-311++G(d,p) levell“?l, are reported together with
the experimental results as a comparison. The puckering angle (180°- XYC2) is shown in Figure
3.1.1. where X and Y represent the intermediate points of the C4-C9 and C1-C3 carbon bonds. The
predictions of rotational and first order centrifugal distortion constants, as well as the values of the a
and ¢ components of the electric dipole moment (b is zero by symmetry) are listed in Table 3.1.5.
They are in agreement with the experimental observations. In addition, the experimental rotational
constants could be achieved with the initial geometry of ab initio calculation by the least squares
fitting. The result indicates to increase the value of 7 from 33.2 (r¢) to 35°(ro). This is reverse with
our expectation which was re > ro, because for the vibrational ground state wavefunction a
considerable density should exist in the region between the two minima. However, the value of rs is

30< which is smaller than re.
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Figure 3.1.3. The r structure parameters. The full molecule geometry is from ab initio at MP2/6-311++G** level,
when the smaller red spheres indicate experimental rs positions of the C atoms from isotopic substitution. The
parameters shown here are derived from the rs framework.

Table 3.1.4. The theoretical (r., MP2/6-311++G(d,p)), and the heavy atoms rs geometries of indan.

Bond lengths/A Valence angles/©
relrs relrs
Ci1-C2 1.5440/1.547(7) cicacs 104.4/104.5(3)
C1-C9 1.5126/1.543(9) C2Cc3c4 102.4/103.2(8)
C4-C5 1.3978/1.359(9) C3C4C9 110.0/110.0(7)
C4-C9 1.4051/1.392(3) C4C5C6 119.0/118(1)
C5-C6 1.4024/1.402(5) C5C6C7 120.5/120.4(5)
C6-C7 1.4032/1.394(3) C8coc4 120.5/121.5(9)
C1-H10 1.0947 H10C1C9 113.2
C1l-Hi11 1.0991 H11C1C9 110.0
C2-H12 1.0959 H12C2Y 131.6
C2-H13 1.0941 H13C2Yy 1415
C5-H16 1.0881 H16C5C4 120.7
Ce-H17 1.0870 H17C6C5 119.8
Significant dihedral angles/<?
1=32.3/30(3) H10C1-C9C4 =-141.8 H11C1-C9C4 =97.6

2 All dihedral angles of the aromatic part very close to 0 or 180°

Table 3.1.5. MP2/6-311++G** spectroscopic parameters of indan.

A/MHz 3519 | DyHz 33.1
B/MHz 1496 | Di/Hz 42.2
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C/IMHz 1082 | Dw/Hz 234
1talD -0.6 | di/Hz 85
11c/D 0.036 | dz/Hz 14

3.1.5. Barrier to ring puckering

Ab initio calculations also provided the energy of the transition state with a planar
conformation of the main frame of indan. The energy difference with respect to the global minimum
energy corresponds to the barrier to ring puckering. The value Bz = 733 cm™ has been deduced at
MP2/6-311++G(d,p) level and 670 cm™ at MP2/6-31++G(d,p) level™ . Laser-induced fluorescence
experiments indicated that B, = 488 cm™[(8 However, all the values are higher than the
experimental values (B2 = 434 cm™) obtained in our work™, which is derived from the value Eo:
(22.364(1) MHz) directly concerning with c-type transition by using Meyer’s flexible model*,
Some experimental and theoretical values of the potential energy function are summarized in Table
3.1.6, while a graphical comparison of the MW and of the MP2/6-311++G(d,p) potential energy

surfaces is given in Figure 3.1.4.

Table 3.1.6. Experimental and theoretical values of the potential energy function of the ring puckering motion in

indan.
Experiments Theory
MW | LIF®18 | MP2/6-31++G**"¢M19 | MP2/6-311++G**
Bz (cm?) | 434 488 670 733
(9 34.0| 8.5? 30.8 32.3

aDeduced from the value x; = 0.14 A at the energy minima
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Figure 3.1.4. MP2/6-311++G** and experimental shapes of the puckering B barrier.
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3.1.6. Conclusions

With FTMW spectroscopy we successful assigned the uc type transition of indan which can
directly indicate the energy splitting in the ground vibrational state. Moreover, we also assigned the
rotational spectra of the five possible *C mono-substituted isotopologues. From the rotational
constants we have obtained the rs geometrical parameters. With the present investigation we
precisely measured the AEo: splitting, 22.364(1) MHz, related to the puckering of the metkylenic
apex of the five-membered ring of indan. It is interesting to outline that the theoretical methods can

not satisfyingly model the puckering motion and the B> barrier is overestimated by about 60%.
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3.2. 1,2-Dimethoxyethane with CHz Internal Rotation

3.2.1. Introduction

1,2-Dimethoxyethane (DME) is an important aprotic solvent and the molecule has a high
flexible chain. The studies of its conformations has attracted a lot attentions over the last years.[*+-48],
In order to find the preferred conformer and understand the “gauche effect” around its C-C bond
and the “trans preference” around the C-O bond in gas and condensed phases several literatures
have been reported by using NMR and vibrational spectroscopy®“8l. An agreement has been
achieved that in gas phase the TTT conformer (considering the O-C-C-O chain, see Sketch 3.2.1) is
the most stable as predicted by ab initio calculations. Moreover, the TGT and TGG’ conformers
should be also highly populated based on the theoretical calculation.[*)l Regarding to the liquid
phase, a different conclusion was obtained where the population of the gauche conformer is
preferred due to the influence of polar solvents such as water.[**% In this case the TGT conformer is
the most populated form rather than the TTT one. In this work, | have unraveled the conformational
preferences of DME in the gas phase using rotational spectroscopy.

3.2.2. Experimental section

The rotational spectrum was measured with PJ-FTMW spectrometer and FJ-MMWA
spectrometer, respectively.[*21537.51521 Heljum with stagnation pressure of ca. 0.22 MPa and argon
with stagnation pressure 0.2 MPa at room temperature were used as carrier gas of DME (supplied

by Sigma—Aldrich and used without further purification).

02

Cl1 3

OS5
C4 C6

Sketch 3.2.1. The mainframe of DME with the atom labels, and the dihedral angles variation along the arrow can

generate various isomers.

3.2.3. Theoretical calculations

Before scanning the rotational spectra, all the possible conformers and their relative energies
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have been optimized and the spectroscopic constants of each expected conformer have been
calculated. The mainframe structure of the DME is controlled by three dihedral angles (see Sketch
3.2.1). The combination of the three dihedral angles with three values for each one can result in 33
plausible configurations and display 10 non-equivalent conformers. As previously reported,#449 the
complete conformational space of DME has been explored at different levels of computations and
taking into account also the effect of intramolecular basis set superposition error.[*] In this work we
have performed new calculations at the MP2/6-311++G** level on the structures of all the ten
plausible conformers using the Gaussian 09 program packagel*?. The optimized results show that 9
of them exist on the potential surface and three of them, TTT, TGT and 7GG", are much more stable
than the other ones. All 9 conformers are reported in Figure 3.2.1 and the three most stable ones
have conformation degeneracy 1, 2 ,4, respectively. The configuration transforming pathways have

also been calculated with the transition states calculation at the same level as listed in Figure 3.2.2.

AKX P by T

TTT AE=0 TGT AE=65, 161 TGG’> AE=143, 251
AE=0 AE,=193, 145 AE=215, 332
AE,=496, 542 AE =776, 686 AE=778, 1032
AE,=854, 960 AE,=1064, 1147 ARgELIAS, 1089

Figure 3.2.1. All the energy and frequency preferred conformers on the potential surface. The relative energies
(cm) were optimized and calculated at MP2/6-311++G** and B3LYP/6-311++G** levels, respectively. The left
values are from MP2 calculation when the right is from DFT calculation, and the upper and lower values are

calculated with and without zero-point energy, respectively.
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Figure 3.2.2. The pathways of the conformers variations calculated at MP2/6-311++G** level. The barriers

between the stable conformers were performed with the transition state optimization, where only one imaginary
frequency is allowed for the frequency check.

The rotational constants, electric dipole moments components, relative energies and zero-
point energies of the most stable conformers are reported in Table 3.2.1. The computational results
indicate that the global minimum (TTT conformer) has no dipole moment due to its symmetry, and
for this reason it cannot be observed by pure rotational spectroscopy. However, the small relative
energy difference the other conformers relative to the global minimum appears promising for the
rotational spectral observation. In order to predict the possible internal rotation splittings, the
potential energy curve for the internal rotations of the two methyl groups have been also calculated.
The ab initio scans varying the dihedral angle (HC-OC) were carried out with 5°per step over the
full range. The dihedral angle was kept fixed at each step while all the other structural parameters

were optimized at each point along the path. The corresponding values of the Vs energy barriers are
also reported in Table 3.2.1.

Table 3.2.1. MP2/6-311++G(d,p) calculated spectroscopic parameters of DME.

TTT TGT TGG’

A/ MHz 18731 10965 6869

B/ MHz 1298 1547 2036

C/MHz 1253 1461 1705

D, Dix, Dk / kHz 0.044, 9.95, 0.44, 2.88, 0.67, 0.08,
0.001 87.66 0.036

dr, dy / kHz 0.004,-0.0008 | -0.06,0.006 | -0.178, -0.023

lus] / D 0 0 1.7

| / D 0 15 03
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lee| / D 0 0 03
V3_C1/kJ mol*2 9.87 10.02 9.71
V3_Cs / kJ mol2 9.87 10.02 6.90
AEe lemt oP 65 143
AEp fcm?! 0c 193 215

30nly the B3LYP/6-311++G(d,p) values are reported; PAbsolute
energy is -308.954892 Ey,; “Absolute energy is -308.811452 Ej,.

3.2.4. Rotational spectra

As mentioned above, the most stable one, TTT conformer, cannot be observed with our
technique due to the lack of a permanent dipole moment. For this reason, we focused on the search
of the other “polar” conformers. The initial survey scan targeted the TGT form. The first attempt
was performed on the FJ-MMWA spectrometer because it allows a fast scan within its frequency
range. A pb-type spectrum was expected due to the relatively stronger dipole moment and in fact a
recognizable pattern of transitions was displayed on the spectrum. From the prediction, we first
assigned the strongest calculated transitions, belonging to the R-type families (J+1)1,3+1<JoJ and
(J+1)o0,3+1<—J1,3, with J ranging from 4 to 6. Each transition was split into four component lines, as
expected for a molecule with two equivalently rotating methyl groups. Some other transitions
displayed a pattern of six component lines due to the presence of the “dipole forbidden transitions”.
By exploiting this initial assignment, we moved to the PJ-FTMW spectrometer, where we could
assign many more R-type rotational transitions and finally also some Q-branch lines. No lines due
to u and e dipole moment components have been observed, which is in agreement with the
expected C, symmetry of this conformer. The experimental measurements of the TGT conformer
were later extended to the 3C mono-substituted species in natural abundance. This species as a
reduced symmetry and as a consequence, the rotational transitions appeared split into five
components.

Besides the assignment of conformer TGT, we could observe other quite strong transitions
which were assigned to the TGG’ conformer. In the second assignment, each rotational transition
was split into five components due to the fact that the internal rotors are not equivalent anymore.
The intensity of the spectrum is lower than that of TGT, even if in this case we were also able to
observe the single mono-substituted 3C in natural abundance. No transitions belonging to other
conformers have been observed in the analyzed microwave spectrum. The missing of experimental
signals for TGG’ conformer in FI-MMWA spectrometer can be explained with different reasons.
But to the best of my knowledge, the first reason is probably due to a conformational relaxation

effects upon supersonic expansions. This is often observed when the barriers connecting different
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minima are of the order of 2kT,[%l especially when argon is used instead of helium as carrier gas.
Moreover, the higher relative energy of the 7GG’ conformer implies its lower concentration and
signal intensity. The 59.6-74.4 GHz frequency range of FJ-MMWA, in principle, is just responsible
for the high J wa-type transition which is not well modulated by the Stark effect. All the
experimental frequencies are listed in the appendix Il and in Figure 3.2.3 we reported examples of
the measured transitions for the TGT and TGG conformers. Since the conformers are near prolate
asymmetric tops, the S-reduction and I'-representation have been chosen to fit the rotational
transitions.[*?! Several programs can be used to fit rotational transitions using the Watson’s semi-
rigid Hamiltonian®®5+%6] and comparison among the various methods have already been
reported.B7-5% In this work, we fitted all the transitions components using the XIAM (based on the
combined axis method, CAM)®* and ERHAM (which fits an effective rotational Hamiltonian)®
programs. The derived spectroscopic constants obtained by both methods are reported in Table 3.2.2.
As reported in others articles, XIAM provides parameters with a clear physical meaning while
ERHAM needs a more deep expertise in choosing the best set of parameters to be fitted. This is
mainly due to the fact that the internal rotation is treated by a Fourier expansion and the values are
not easily interpretable. However, ERHAM reproduces high frequency rotational spectra with high
accuracy along with other periodic motions not fitted by XIAM. Interestingly, both program supply
the angles (< (a,i) Z(b,i) Z(c,i)) that are formed by the internal rotation axis i of the methyl
groups with the principal axis of inertia (a, b and c), respectively. These values from two programs
are in good agreement for both the conformers of DME. XIAM also directly provides the
experimental values of the Vs barrier which are quite close to the ones calculated at the B3LYP/6-
311++G(d,p) level of theory. These values could be obtained also from ERHAM using its tunneling
energy parameters and Meyer’s flexible model,[*® as described previously,’®*! where the tops are

treated as independent tops using the F parameters to calculate two-top case.

E3 E4

A1

)
f T T T \ T T T T T 1
112004 11200.8 11201.2 11201.6 11202.0 | 66160 66165 66170 66185 66190 66195

Frequency/MHz Frequency/MHz

Figure 3.2.3. Portion of the rotational spectra for TGG’ (left) and TGT’ (right) conformers, respectively. The left
spectrum is measured by PJ-FTMW spectrometer when the right is measured by FI-MMWA spectrometer. Each
transition from PJ-FTMW is split by the instrumental Doppler effect.
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Table 3.2.2. Spectroscopic parameters of the two conformers fitted by XIAM and ERHAM program.

XIAM ERHAM
TGT TGG’ TGT TGG’
A/MHz 11152.3399(4)2 6875.403(1) 11152.3396(8)2 6875.403(2)
B/MHz 1532.5191(2) 2019.9333(3) 1532.4951(3) 2019.9142(5)
C/MHz 1446.6840(2) 1692.4548(3) 1446.7075(2) 1692.4738(4)
Di/kHz 0.494(2) 0.83(3) 0.485(4) 0.84(1)
Dik/kHz -16.37(3) -0.82(3) -16.53(6) -0.82(4)
Dr/kHz 207.49(9) 17.0(3) 208.0(2) 16.8(4)
di/kHz -0.0918(4) -0.221(5) -0.0916(9) -0.215(4)
dx/kHz -0.020 (2) -0.0220(9)
Ce-top/ C1-top Ce-top Ci-top Ce-top/ C1-top Ce-top Ci-top

Va/kJ molt 9.821(9) 6.58(2) 10.10(3) 9.944b 6.79° 9.84b
0 (a,i))/° 19.5(5) 84.3(1) {19.4}¢ {22.0} 84.3(2)° {19.4}
e/ < 84.3(1) 160.4(9) {-72.9}
qq 0lor10 10 01
i IMHZ® -1.64(1) -21.6(4) -1.41(5)
o 0.0672(5) {0.0128} {0.0415}

/< {3.0} 71.1(6) {5.3}
ol © {-74.5} -16(1) {-70.0}
Z (b,i)/° 85.2(1)° 160(1)° {84.4} {84.5} 19(2)® {84.4}
Z(c,i)° 108.8(5)° 109(1)° {108.5} {111.3} 108(2)° {108.9}
NF 108 168 108 168
09 [kHz 1.9 4.5 15 4.4

3Error in parentheses in units of the last digit. ® Derived parameters from the fit. °Values in brackets fixed to those
obtained from ab-initio geometry. YLabels used to identify the localized state to which a tunneling parameter is
related to. °Energy tunnelling parameter. "Number of lines in the fit. SRoot-mean-square deviation of the fit.

In Table 3.2.3, we have also reported the experimental values of the V3 barrier for the internal
rotation of methyl group in different molecules investigated by microwave spectroscopy. It is worth
noting how the Vs barrier is much higher for DME rather than for dimethyl sulfate or
dimethoxymethane.[521 For the last two studies, the anomeric effect is reported which could lead to
structural effects. Depending on the functional groups in the molecular systems, the V3 values can
be divided in three classes: (i) esters with -OCHj3 V3 barriers below 6 kJ mol™; (ii) ethers with -
OCHj3 V3 barrier values between 6 and 11 kJ mol™; (iii) -OCHj3 functional groups involved in the
weak intra-hydrogen bond with Vs barrier values around 13 kJ mol™. It is worth noting that in ethers
when a hydrogen atom belonging to a methyl group interacts with the oxygen atom, the V3 barrier
decreases from about 10 to 6.5 kJ mol™. Such effect is well displayed in our system. In fact, in the
TGT conformer the two equivalent methyl groups present a Vs barrier around 10 kJ mol™* belonging
to the (ii) category, whilst in the 7TGG’ conformer the intra-molecular interaction decreases the
second V3 barrier to 6.58 kJ mol™. This effect is even amplified when the sulfur atom replaces the
oxygen atom. Additionally, by comparing the barrier between 7GG-DME and the last class, one
can see that the V3 of the -OCHz group involved in the wHB as the proton donor is lower than the Vs
of the -OCHj3 group involved in the wHB as proton acceptor, as shown in the Figure 3.2.4. This is

out of our expectation, because the internal rotation of CHs which is the proton donor need to
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periodically break and rebuild the wHB CH --O.

Table 3.2.3. Experimental V3 barrier for methoxy compounds.

bond or not.

/"

Figure 3.2.4. Comparison of the V3 barrier to methyl internal rotation when the group in involved in a hydrogen

V3 / kmol? Ref.
Methyl Glycolate 0] 4.7(1) 24
Ho\)kOCHB
Dimethyl Sulfate 0 4.731(6) 22
HyCO-S-0CH
O
Methyl Formate i 4.7738(1) 25
H™ "OCH,3
Methyl Lactate o 4.84(2) 26
Class | Hacj)kocm
OH
Methyl Pyruvate O 4.883 27
HaCT‘)J\OCHg
0
Methyl Acetate j\ 1.2171(4); 5.0500(7) 28
HsC™ ~OCHs;
Methyl Salicylate Os_OCHg 5.38(2) 29
5/%
Dimethoxymethane CH3;0CH,-0OCH3 6.61(4) 30
Dimethyl ether CH3;0OCH4 10.81(8) 31
TGG’-DME HBCO\/\OCH 10.30(3); 6.58(2) This work
Class Il 3 -
TGT-DME HsCO_~q - 9.821(9) This work
anti/syn p-anisaldehyde 0 9.6(8); 9.2 (13) 32
o
HaCO
Class 2-methoxyethanol CH3;0CH.CH,OH 13.0(4) 33
1l 2-methoxyethylamine CH3OCHCHoNH; 13.2(2) 33
13.2 kJ/mol

3.2.5. Structure information and relative abundances of conformers

Different procedures have been introduced for deriving structural information from the
measured data. A recent review highlights the importance of these treatments.[®®l The
conformational assignment of TGT and TGG’ conformers is directly obtainable by comparison of

the theoretical rotational constants to the experimental ones. However, to obtain supplemental
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structural information we have investigated the microwave spectra of the mono-substituted *C

isotopomers, and the XIAM fitted rotational constants of the isotopomers of the two conformers are

listed in Table 3.2.4. From the parameters of the isotopologues it was possible to obtain a complete

substitution carbon-framework structures using Kraitchman’s equations. These structures, reported

in Table 3.2.5 and shown in Figure 3.2.5, clearly confirm both assignments to the TGT and TGG’

conformers and they also agree quite well with the theoretical equilibrium structures. The

substitution structure is becoming increasingly important because it doesn’t include any a priori

assumption while other methods (such as effective structure (ro)) correct to various degrees for

vibrational effects and lead to different conceptions of interatomic distance.

Table 3.2.4. Rotational constants of the measured isotopologues of the two conformers.

TGT TGG’
C1(C6) C3(C4) c1 Cc3 c4 C6
A/MHz | 11108.082(3) | 11001.906(2) | 6853.20(3) 6800.40(1) 6775.62 (2) 6753.42 (1)
B/MHz | 1498.807(2) | 1530.005(1) | 1970.5370(2) | 2016.89314(9) | 2013.7369(1) | 1994.42192(9)
CIMHz | 1415.9658(6) | 1442.3287(3) | 1656.5932(2) | 1.68601364(7) | 1683.14377(9) | 1667.20194(7)
NP 24 24 55 55 55 55
o° IKHz 48 3.0 3.1 15 1.8 14

3Error in parentheses in units of the last digit. "Number of lines in the fit. ‘Root-mean-square deviation of the fit.

Table 3.2.5. Substitution coordinates (rs) of the carbon atoms in the principal axes system.

&

Figure 3.2.5. Sketch of the TGT and TGG’ DME conformers. The rs substitution positions of the carbon atoms are

alA b/A c/lA
|rs| [re| |rs| [re| |rs| [re|
TGT| C1&C6 2.7314(6)2 2.714 0.420(4) 0.436 0.10(2) 0.122
C3&C4 0.701(2) 0.717 0.755(2) | 0.760 0.235(6) | 0.237
TGG’l C1 2.5078(6) | 2.500 0.474(3) | 0.472 0.15(1) 0.166
C3 0.596(3) 0.612 0.891(2) 0.899 0.16(1) 0.136
C4 0.819(2) 0.830 0.996(2) 0.998 0.322(5) 0.324
C6 1.7884(8) | 1.788 1.166(1) 1.160 0.05(3) 0.096
8Errors in parenthesis are expressed in units of the last digit.
- f $
i 58
&’O‘" ‘Q, L‘o . ‘_,‘ 0

shown as violet spheres, superimposed to the MP2/6-311++G(d,p) geometries.
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By assuming a Boltzmannian distribution, it is possible to evaluate the relative abundance of
the two observed conformers from the relative intensity of nearby rotational transitions using the

formula:

N | CAE
166 _ _tectherVterVier _ ge v

Nigr  lier e ?reeVrcs:
where |, |4 y and v are the peak intensity, dipole moment component, line strength and frequency of
the considered transitions, respectively. The conformation degeneracy of the two conformers, 2:4,
has been taken into account. The results Ntee/Ntet = 2.1/1 support the expected value obtained by
the ab initio calculations (1.8/1), considering the thermodynamic equilibrium. It is worth noting that
the most abundant conformer in the jet must be the TTT which cannot be revealed by rotational

spectroscopy.

3.2.6. Conclusions

In summary, we studied the high resolution spectra of two conformers (TGT and TGG") of
DME and of all 3C mono-substituted isotopologues. This has allowed the determination of the
experimental substitution structures of the heavy atoms skeleton which agree quite well with the
theoretical ones. The analysis of the spectra has been done following two different approaches: that
of the XIAM and ERHAM programs. Both procedures led to similar spectroscopic and structural
values and it was also possible to obtain information on the internal dynamics of the two methyl
groups. From the measurements of the intensity of the rotational transitions we have estimated the
relative abundances of the two conformers in the jet, which is in agreement with the one predicted
by ab initio calculation, confirming the values of the calculated relative energies between different
conformers. However, the most stable conformer (TTT) has not been observed because, due to its

symmetry, it has no permanent electric dipole moment.

47



3.3. 1-Methylcyclohexanol with OH rotation

3.3.1. Introduction

In the alcohol’s family of organic compounds when the hydroxyl group is linked to an
aliphatic carbon atom, the hydroxyl group can rotate along the C—O bond, connecting energy
minima separated by ~120< In this way, with the variation of the aliphatic chain, a considerable
number of stable conformers can exist. In addition, the internal rotation of the light OH group can
generate tunneling splitting which are then reflected in the complicated splitting of the rotational
spectra. Rotational spectroscopy is a powerful tool to analyze the potential energy surface related to
these motions. However, little is available so far on the conformational studies of alcohols with
carbon chains up to four carbon atoms. Methyl alcohol has, of course, only one conformer, but its
large permutation inversion group makes the spectrum unbelievably complicated.[¥ The trans and
gauche forms of ethyl alcohol®! and of isopropanol(®® have been rotationally characterized, with
the gauche forms giving rise to two mirror images undergoing rapid tunneling motions. As to n-
propyl alcohol, rotational transitions in all five conformers of the molecule, Gt, Gg, Gg', Tt, and Tg,
have been unambiguously assigned.’] Butanol consists of four chemical isomers, n-butanol,
isobutanol, sec-butanol, and tert-butanol. The last isomer has only one shape, but due to the three
equivalent minima it has a very complex rotational spectrum, the interpretation of which requires a
Hamiltonian with 60 parameters.[%8 The microwave (MW) spectra of three conformers of 2-butanol
(sec-butanol) are known,®®! while no MW investigations have been reported for isobutanol and n-
butanol. An infrared investigation in CCls solution reports the observation of the OH gauche and
trans conformers for all isomers.’® For pentanol and hexanol, the rotational spectra have
characterized 5 and 14 conformers for the chiral chemical isomers n-pentan-2-ol and n-hexan-2-ol,
respectively.l™ These studies have been greatly simplified by the application of the CP-FTMW
broad band spectroscopy.l’? So far little literature has reported on the cyclic alcohols. The rotational
spectrum of cyclopropanol displayed only the gauche form,[®1 and for cyclobutanol only the
equatorial-trans species has been observed.[”¥l The rotational spectrum of cyclopentanol has not
been reported yet, probably due to the complications arising from the ring pseudorotation. Here we
report the spectrum of a tertiary cyclic alcohol, 1-methylcyclohexanol (IMCH). IMCH is an
important organic solvent and synthetic intermediate compound, which is widely used in producing
of medicine and compound perfume.’® The conformational equilibrium of 1MCH has been
previously investigated by NMR spectroscopy.l’®! However, because of the low barrier hindering the
internal rotation of the hydroxyl group, just two conformers were discussed in which the orientation
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of the hydroxyl group was ignored. Since rotational spectroscopy can easily locate the position of a
hydroxyl hydrogen, we decided to investigate the rotational spectra of IMCH with PJ-FTMW,

aiming at giving a detailed description of its conformational variation.

3.3.2. Experimental and computational methods

PJ-FTMW spectrometer was used to measure the spectra. Helium at a stagnation pressure of
0.3 MPa was used as the carrier gas of IMCH (commercial sample) under room temperature. The
deuterated species were obtained by direct proton exchange with D20.

The conformational equilibrium of 1IMCH is driven by the internal rotation of the hydroxyl
group, which can generate gauche and trans forms of the hydroxyl hydrogen with respect to the
methyl group, and by the ring puckering, which can interconvert the axial or equatorial
arrangement of the oxygen atom. These two internal motions generate six energy minima, which
correspond to four different conformers, labeled as At, Et, Ag, and Eg (A, E, t, and g stand for axial,
equatorial, trans, and gauche, respectively), the last two forms being doubly degenerate. MP2/6-
311++G(d,p) calculations supplied the structures and relative energies of the four conformers and
the values of the rotational and centrifugal distortion constants and of the electric dipole moment
components. Vibrational frequency analysis confirmed that all these conformers are stable energy
minima. All theoretical data are summarized in Table 3.3.1.

Table 3.3.1. The structures, energies and spectroscopic parameters of the plausible conformers of 1-

Methylcyclohexanol at MP2/6-311++G(d,p) level.
At
O~ ﬁé ; d ;J
J
J d 9

A,B,C/MHz 3119.4,1752.1,1514.7 3128.2,1732.3,1501.6
Dy, Dik, Dk /kHz 0.106,0.135,0.103 0.102,0.129,0.108,
d1, do/kHz -0.017,0.003 -0.016,0.003
JtatontclD 0.41.1,-1.0 -1.7,0.0,1.0
AE,A(E+ZPE)/k] mol ! 0.0,20.0° 3.03,2.52

Eg

&~
J
A,B,C/MHz 3075.4,1710.2,1498.4 3060.7,1719.3,1504.5
Dy, Dik, Dk /kHz 0.097,0.098,0.117 0.099,0.076,0.149
d1, d2/kHz -0.013,0.003 -0.013,0.003
Haytto,uc/D -1.9,0.0,0.5 0.8,1.1,1.1
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| AE,A(E+ZPE)/k] mol* | 2.99,3.25 | 3.35,3.75
aAbsolute energy: -349.4558771 En; PAbsolute energy: -349.251770 Ep.

3.3.3. Rotational Spectra

As shown in table 3.3.1, all the conformers have similar values of the rotational constants,
and with non-zero ua electronic dipole moment. This implies that the a-type transitions of all the
conformers are close to each other, especially in lower J transition frequency range. Therefore, we
started the scan around 9.5 GHz where the a-type Jupper = 3 for all the conformers were expected

and the K, = 0 transitions were identified firstly as shown in Figure 3.3.1.

Ag
Et
Eg
% At
1{ U \il 1‘“
- B, ST | GV |-

T7 T T T7 L
9496 9497 9530 9531 9532 9533 9575 9576 9640

Frequency / MHz

Figure 3.3.1. the 303202 transition spectra of the four conformers. Each line is doublet due to the Doppler effect,

and the transitions of gauche geometries are split into two tunneling components.

The measurement of the a-type transitions was finally extended to J = 6 and Ka = 4. Then the
c-type transitions for all conformers were assigned. The transition intensity ratios of corresponding
transitions were satisfactorily in agreement with the ab initio prediction. The rotational transitions
of Ag and Eg conformers are split into two component lines (0" and 0°) due to the tunneling between
two equivalent chiral forms. The complicated split can be taken as an evidence of the assignment.
From Figure 3.3.1, one can also see that the 0" transitions are much weaker than the 0* transitions.
This indicates a considerably large energy splitting (AEo1) between 0" and 0" states which causes a
huge splitting of the c-type inter-transitions. All the transitions were fitted with Watson’s
Hamiltonian using Pickett’s SPFIT program, and with I" representation and S reduction. The fit
results are reported in table 3.3.2. The rotational constants agree with the ones calculated for the
corresponding conformers very well, which can allow a straightforward assignment. Nevertheless,
the value of AEo1 was impossible to determine with the available transitions. Additionally, the
difference of the centrifugal distortions between the two sub-states of the gauche conformers also
implies a big splitting (AEo1). Due to the lack of the important parameters one can only match the
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average values of the centrifugal distortion constants of the gauche conformers with the ab initio

values, while for trans configurations they agree with the theoretical value directly.

Table 3.3.2: Experimental spectroscopic constants of 1-Methylcyclohexanol (S-reduction, I" representation).

conformers Ag At Et Eg

0 1 0 1
A/MHz 3107.7518(5)2 3107.202(1) 3114.6536(6) 3061.9203(6) 3049.7507(8) 3050.470(1)
B/MHz 1741.9139(4) | 1741.9323(5) | 1728.1207(3) | 1702.6330(4) | 1709.8878(4) | 1710.2904(5)
C/MHz 1507.4698(4) | 1507.3484(5) | 1498.0058(5) | 1492.2991(5) | 1497.3632(4) | 1497.7084(6)
Dy/kHz 0.122(9) 0.058(12) 0.098(9) 0.088(8) 0.106(8) 0.06(1)
Dik/kHz 0.44(2) -0.12(6) 0.14(2) 0.12(3) 0.87(3) -0.75(5)
Dk/kHz -0.22(2) 0.44(6) -0.57(6) 0.98(14)
dx/kHz 0.0173(3)
0°/kHz 3.0 3.4 29 3.7 2.7
Ne 50 29 37 34 40 26

3Errors in parenthesis are expressed in units of the last digit. "Standard deviation of the fit. “Number of

fitted transitions.

The relatively high intensity of each conformer encouraged us to measure the OD
monodeuterated species which is produced by mixing the sample with deuterated water. Due to the
quadrupolar effects of the deuterium nucleus (I = 1), the transition of Et and At conformers
displayed a hyperfine structure. The Ag and Eg conformers still showed the tunneling splitting due
to the OD internal rotation. However, due to the mass effect, the splittings (AEo1) are considerably
lower than the parent species. This allows a reliable value of the AEo: value to be deduced from the
fit of the rotational transitions. Using Pickett’s SPFIT program, all the transitions were fitted with
the Hamiltonian:

H=2 (HO)+H®+H™  withi=0",0 (1)

where
H™ =AE, + Fye x(RP, + P.R) + Fyy x (PR + RP,) )
The fit results for the deuterated species are listed in table 3.3.3, where one can see the good
agreement between the centrifugal distortion parameters with the results of the quantum chemical
calculations. Especially for the gauche conformers they match the prediction results much better
than parent species. This can be contributed to the successful fit of the rotation-vibration interaction

in the deuterated species.

Table 3.3.3. Experimental spectroscopic constants of deuterated 1-Methylcyclohexanol (S-reduction, I
representation).

conformers A At Et Eg

v 0 1 0 1
A/MHz 3048.1043(6)2 3047.8950(6) | 3051.7095(4) | 3013.7235(7) | 3035.4711(5) | 3035.2774(5)
B/MHz 1711.5882(7) 1711.6517(7) | 1707.6229(4) | 1666.0333(4) | 1669.7168(6) | 1669.8380(6)
C/MHz 1494.4048(8) 1494.4208(8) | 1497.0626(5) | 1475.2920(4) | 1465.8493(5) | 1465.9272(5)
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Dy/kHz 0.11(1) 0.098(9) 0.093(8) 0.105(7)
Dy/kHz 0.13(3)

dy/kHz -0.036(9) -0.035(5)
el MHz 0.175(9) -0.140(7)

o/ MHZ -0.18(2) -0.12(2)

e/ MHz 0.01(2) 0.26(2)

AEu/MHz 15580.7( 54) 18173.4(292)
Fa/MHz 1.0(1) 3.06(3)
Fo/MHzZ 4.827(8) 1.16(4)
oPIkHz 3.2 3.9 2.8 3.3

N° 40 61 65 56

aErrors in parenthesis are expressed in units of the last digit. Standard deviation of the fit. “Number of fitted

transitions.

3.3.4. Structure information

From the rotational constants of different isotopologues, straightforward information can be

obtained, which are the substituted coordinates (rs).’’1 Thess can be calculated with Kraitchman’s

method. We used Costain’s uncertainties, without imposing planarity constrains. The rs values are in

agreement with the theoretical results, as shown in table 3.3.4. This can confirm the assignment of

the four conformers.

Table 3.3.4. rs coordinates of the hydrogen atom of hydroxyl group in 1- Methylcyclohexanol.

Ag At
a/A (v=0/1) b/A (v=0/1) c/A (v=0/1) a/lA b/A c/A
Exptl. | +1.550(1)/1.547(1) | 0.684(2)/0.669(2) | +1.6645(9)/1.6649(9) 10.430(3)° 0.0 +1.8265(8)
Calc.? 1.547 0.688 1.656 0.336 0.0 -1.829
Et Eg
a/lA b/A c/lA a/A (v=0/1) b/A (v=0/1) c/A (v=0/1)
Exptl. +1.9604(8) 0.0 +1 6415(9) 2.6027(6)/2.6077(6) | 0.696(2)/0.718(2) | 0.578(3)/0.595(3)
Calc. -1.944 0.0 -1.648 -2.600 0.724 -0.572

3Calculated at MP2/6-311++G** level; °Error in parentheses in units of the last digit.

3.3.5. The internal rotation of hydroxyl group

The internal of the hydroxyl group is described by the dihedral angle CC-OH (t). The
potential energy curves along this parameter are shown in Figure 3.3.2 with the red lines.
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Figure 3.3.2. Ab initio (red) and experimental (black) potential energy function of the internal rotation of the OH

group for the axial and equatorial conformers (cm_l vs deg). The wave functions of the lower states are also
drawn on the right hand of each panel.

From the precise AEo: values of the OD species, we can obtain the potential energy function
of the internal rotation of hydroxyl group by using Meyer’s one-dimensional flexible model. This
model allows the numerical calculation of the rotational and vibrational wave functions and
eigenvalues with a preconditioned description of the pathway and a potential energy function. So
from the MP2/6-311++G(d,p) energy calculation the potential function of the internal rotation of

hydroxyl group can be written as:
V(7) = Vot Vi-(1 — cost) + V2 {1 + c0s2z) + V3 {1 + c0s37) 3)

The values of Viare listed in table 3.3.5. From the calculation optimization, the structure relaxation
parameters are taken account according to the equation:

Si(z) = S% + ASi(z) 4)
S% is the value of S at 7= 0, and AS is its variation as the function of z. Twelve structure relaxations
were taken into account of both equatorial and axial forms models. The detailed information has
been reported in appendix I11.

Finally, the splittings have been reproduced by multiplying equation 3 by a scale factors 0.90
and 0.72 for the axial and equatorial species, respectively. The barriers B> were estimated to be =
356 cm™t, and 320 cm™%, respectively. All these data are listed in Table 3.3.6. The obtained potential
energy functions are shown in Figure 3.3.2 (black lines), where the wave function patterns of the
lower energy levels are also presented (five for the axial and three for the equatorial species,
respectively). The value AEo: of the parent species has been deduced to be 102.5 and 103.0 GHz,
respectively. Surprisingly, they are larger than that observed for isopropanol,® in spite of the fact that
the inversion of the OH group takes place in our case in the proximity of a methyl group and for
isopropanol in proximity of a aliphatic hydrogen.

The 7 coordinate was restricted within the 2x cyclic range and solved into 61 mesh points.??
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Table 3.3.5. MP2/6-311++G(d,p) Values? of the Vj Coefficients in Equation 3 for Potential Energy Functions of
the Axial and Equatorial Forms

VO! Vli V21 V31 BZi Et_ Eg: Bt—»ax

cmt cm't cm't cmt cm? cmt cm’
axial -79.0 129.4 30.9 206.3 390.9 252.7 301.7
equatorial 50.0 —8.0 —18.0 219.6 410.0 —30.6 438.2

8Also the energy values at the critical points, relative to the gauche energy minimum, are given.

Table 3.3.6. Results of the Flexible Model Calculations.

axial equatorial

obs calc obs calc
AEo: (OD), GHz 15.6 15.6 18.2 18.2
AEq (OH), GHz 102.5 103.0
parameters
Scale factor f (fitted) 0.90 0.72
Barrier B (extrapolated), cm? | 356 320

3.3.6. Conclusion

We reported the rotational spectra of the biggest cyclic alcohol, and four conformers have

been assigned, which are Ag, At, Eg, Et, respectively. According to the transition intensities one can

see that the axial ring form is preferred than equatorial, and Ag is more stable than At. But in the

equatorial ring form the trans geometry is more stable than the gauche. The tunneling splittings

between the two mirror gauche forms have been reflected in the rotational spectra. The split

transitions allow us to precisely determine the splitting energies (AEo1) and from them to estimate

B, inversion barriers.
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Chapter IV

Clusters formed by the cooperation of different classes of HBs

Hydrogen Bond (HB) certainly plays a key role in many chemical processes and biologically
relevant functions. HB is a form of association between an electronegative atom and a hydrogen
atom attached to a second, relatively electronegative atom or group. It is best considered as an
electrostatic interaction, heightened by the small size of hydrogen, which permits proximity of the
interacting dipoles or charges. Both electronegative atoms are usually (but not necessarily) from the
first row of the periodic table, i.e. N, O or F. Hydrogen bonds may be either inter-molecular or intra-
molecular.l’® Based on the binding energies or the electronegativity of the atoms of groups linked
with H, HB can be classified into different classes, strong, moderate, and weak HB. The hydrogen
bond covers a wide range of energies: from 2 kJ/mol (0.5 kcal/mol) to nearly 170 kJ/mol (40
kcal/mol) This means that the weakest hydrogen bonds are close in energy to van der Waals
interactions and the strongest hydrogen bonds are stronger than some covalent bonds it is therefore
very difficult to draw a line that separates weak hydrogen bonds from strong ones. However we can
roughly classify them and give an ideal for the interactions as: strong HB (15-40 kcal/mol) with
H...X length 1.2-1.5 A; 2) medium (4-15 kcal/mol) with H...X length 1.5-2.2 A; 3) weak (< 4
kcal/mol) with H...X length 2-3 A. Despite a single WHB is characterized by a binding energy
remarkably smaller than the one occurring for strong HBs, it has been shown that often a WHB
network takes place between two or more molecules, reinforcing the interaction strength through a
sort of cooperative effect which can lead to stable oligomers.[™

Microwave spectroscopy is endowed with the talent for measuring the structures of isolated
molecular systems. The rotational spectroscopy of molecular adducts can supply the information on
HB.

In this chapter, 1 will report the works of the rotational study of the clusters linked by HB and
WHB. The study of formic acid clustering with dimethyl ether and cyclobutanone, respectively,
indicate that both complexes are formed with one typical O-H --O HB and two C-H --O WHB:s.
The investigation of the complex of indan and trifluoromethane showed a cage structure based on
the cooperative effects of C-H---n and C-H --F WHB interactions. The study of oligomer of
(CH2F2)m-Wh, (m,n = 1,2) has broaden our knowledge of the cooperation of different HB in a cluster.
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The (CH2F2)-W- displayed a cyclic structure linked with O-H --O, C-H --O, and O-H --F bonds.
The (CH2F2)-W showed a geometry connected with O-H --f, C-H --O, and C-F --H-C bonds. In
the tetramer (CH2F2)2-W>, the cluster is stable by 7 non-covalent bonds including O-H --O, O-H --F,
C-H --0O, C-F --H-C bonds.
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4.1. Formic acid cluster with Dimethyl ether

4.1.1. Introduction

Recently, considerable efforts have been dedicated to the rotational study of molecular
adducts involving carboxylic acids. Since the carboxy group can offer either a proton donor or a
acceptor site for HB, generally the carboxylic acids prefer to form a homo-dimer forming a eight-
member group ring. The interaction in the dimer, where a double HB is present, can be as strong as
~60 kJ/mol, which is the strongest non-covalent bond between neutral species. The first observation
of this kind of dimers by microwave spectroscopy can be traced back to half a century ago.! &
However, the details of this interaction, such as proton transfer, internal rotation, and Ubbelohde
effect were characterized only recently.t¥%! The hydrated carboxylic acids have been also
investigated by rotational spectroscopy.?6-2%U The tunneling splitting were always displayed on the
spectra. J&ager et al. hypothesized four different reasons responsible for the splitting in the study of
benzoic acid-water, and only the internal rotation of the water along its C> symmetric axis is pointed
out to be the most promising candidate for the tunneling splitting.[**Y The complexes of formic acid
with other partners with various functional groups, like anhydrides,!*%? aldehydes,[*%! amides,
and azines,*%®! have already been characterized by microwave spectroscopy. The study of formic
acid with formamidel'® and pyridinel®! showed that the dimers are connected forming a seven-
member ring involving two HBs and the interactions are as strong as ~40 kJ/mol. When it comes to
CO,*% and CH,0!%I the interaction with formic acid is only ~20 kJ/mol. In this work, the

interaction between carboxylic acid with the ether family will be discussed for the first time.

4.1.2. Experimental and computational methods

The PJ-FTMW was used for this experiment. Commercial samples of Formic acid and
(CH3)20 were obtained from Aldrich and used without further purification. A mixture of (CH3).0
with ca. 1% in Helium at a total pressure of 0.3 MPa was streamed over HCOOH at 273 K.

Two stationary points of HCOOH-(CHz).O were found on the conformational potential
energy surfaceat the MP2/6-311++G(d,p) level. The corresponding shapes, relative energies,
rotational constants, and dipole moment components are reported in table 4.1.1. In the most stable
isomer (vertical), the heavy atom’s symmetry planes of the two constituent molecules are
orthogonal to each other, while in the second one (planar) the symmetry planes are nearly co-planar.
The two constituent molecules are held together by one “classical” O—H --O (HB) and a bifurcated

CHa --O (WHB) in the vertical structure, and again by one OH --O interaction but only a simple C—
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H--O WHBIn the planar structure. In order to have a better understanding of the molecular
properties, the nature of all stationary points was verified by subsequent harmonic frequency
calculation. Estimates of the intermolecular binding energy values for the most stable species were
counterpoise corrected for basis set superposition error (BSSE)[%! also applying the zero-point
energies (Eo).

Table 4.1.1. The structure shapes, relative energies, dissociation energies, rotational constants, and dipole
moments of two most stable isomers at MP2/6-311++G** level.

Vertical Planar

AE, AEq /kJ mol? 02,00 2.3,1.4
Ep,Ep,o/k] mol? 47.5,40.9
ED,BSSE,ED,O,BSSE/kJ mol? 33.5,27.0

A,B,C/MHz 5160,1858,1834 5955,1684,1341
D;,Dik,Dk,d1,d2/kHz 1.78,8.23,-7.16,-0.03,1.31
Uayllotic/ D 1.7,0.1,0.0 2.8,0.5,0.5

aAbsolute energy: -344.0043087 Eh. PAbsolute energy: -343.8865972 Eh.
4.1.3. Rotational spectra

The calculation results suggest that the vertical structure is the energetically preferred
geometry, and the strong ua (1.7D) dipole moment component facilitates the scan of the a-type R-
band transitions in our spectroscopic range. We firstly assigned the three transitions of this band,
202101, 212<—111 and 211+—110. Then totally 22 ua-type lines were assigned in the 7-18.5 GHz range.
We failed trying to assign the u» and uc type transitions. This is consistent with the theoretical
prediction of the vertical structure, which reports the near zero value of u, and zero value of uc by
symmetry. All the transitions have been fitted within the I-representation of Waltson’s S
reduction.®¥ The fit results including the rotational constants and four quartic centrifugal

parameters are reported in the left column of the table 4.1.2.

Table 4.1.2. Experimental spectroscopic parameters of the isotopologues of HCOOH-(CHj3).0. (S-reduction, I'-
representation)

Parent FA-CH3OCH; | H®COOH-(CH3)0 | HCOOD-(CH3)0 | DCOOH-(CH3);0?

A/MHz 5168(8)° 5095° 5168° 5126° 5167°
B/MHz 1824.846(2) 1799.4138(6) 1800.2425(6) 1823.1162(5) 1766.2896(6)
CIMHz 1808.391(2) 1790.7518(6) 1784.2554(6) 1801.1519(5) 1750.8267(6)
Dy/kHz 2.08(1) [2.08]9 [2.08] [2.08] 1.87(1)
Dyk/kHz 6.78(4) [6.78] [6.78] [6.78] [6.78]
dy/kHz -0.05(2) [-0.05] [-0.05] [-0.05] [-0.05]
do/kHz 0.190(7) [0.190] [0.190] [0.190] [0.190]
o*/kHz 2.2 6.4 8.1 7.1 5.9
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| 22 | 10 | 10 | 18 | 36

aNuclear quadrupole coupling constant .. = 0.37(3) MHz. PError in parentheses in units of the last digit.
°Extrapolated from the experimental A value of the parent species by applying the ab initio predicted difference
between isotopologues. Values in brackets fixed to the corresponding values of the parent species. °Root-mean-
square deviation of the fit. 'Number of lines in the fit.

After the measurements on the parent species we also measured the mono-C substituted
species in natural abundance. The population of *3C is 1% of the parent in natural abundance. So,
the intensities of FA-'*CH3OCHs, and H3COOH-(CHs).0 should be 2% (due to the symmetry), and
1% as strong as the parent species, respectively. So, we were only able to see 10 lines for each 3C
isotopologues due to the very low intensities. The lines have been fitted with the same Hamiltonian
as the normal species while the centrifugal distortion parameters have been fixed to the values of
the normal species parameters, and the A rotational constants were derived from the ab initio value
with a correction of the difference between the experimental and ab intio values of the parent
species. The results of the fit are listed in the second and third columns in table 4.1.2.

Additionally, we also assigned the deuterated species by substituting HCOOH with DCOOH
and HCOOD, in the expansion respectively. The former was purchased from Aldrich while the latter
was formed by hydrogen exchange obtained by mixing HCOOH with D20. For the DCOOH-
(CH3)20 species we observed the quadruple pattern due to the deuterium nucleus with nuclear spin |
= 1. The spectrum of the 211110 transition compared to the spectrum of the parent species is shown
in Figure 4.1.1 as an example. The fitted results of hyperfine structures of the deuterated species
from Pickett’s SPFIT program!®! are reported in table 4.1.2. Similarly, to the **C isotopologues the
centrifugal distortion parameters are fixed to the parameters obtained for the parent species and the
values of constant A are extrapolated from parent species.
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T T
7282 7283 MHz

7049 7050 MHz

Figure 4.1.1. Transition 211«<110 of formic acid and dimethyl ether: (a) HCOOH-(CHj3).0 parent species (270
FIDs). (b) DCOOH—(CH3).0 isotopologue (1000 FIDs). The four D-hfs components F'«— F” are labeled with the
total angular momentum quantum number F = |J + .

4.1.4. Structure analysis

The observed conformer, shown in Figure 4.1.2 with the principal axes system, has a plane of
symmetry, containing atoms 1-6 and the reference point X7 (lying along the bisector of the C80O6C9
angle). (CHs)20 is linked to HCOOH through a main O-H --O HB, and a bifurcated CH --O WHB.
The structure parameters from the MP2/6-311++G** level are reported in table 4.1.3.

Figure 4.1.2. Sketch, atom numbering, main structural parameters and principal axes of the observed form of
HCOOH --{CHs3)20. Number 7 indicates a dummy atom (0 mass) placed on the bisector of the C806C9 angle.

Table 4.1.3. MP2/6-311++G(d,p) geometry of the observed isomer of HCOOH --{CH3).0.

| Bond lengths/A | Valence Angles/® | Dihedral angles/ |
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02C1 1.2140

03C1 1.3321 | O3C102 125.7

H4C1 1.0982 | H4C102 123.7 | H4AC1-0203 180.0
H503 0.9939 | H503C1 106.9 | H503-C102 0.0
0O6H5 1.6692 | O6H503 179.9 | O6H5-03C1 0.0
X706a 1.0000 | X70O6H5 128.0 | X706-H503 0.0
C806 1.4245 | C8O6X7 55.4 | C806-X7H5 90.0
C906 1.4245 | C906X7 55.4 | C906-X7HS5 -90.0
H10C8 1.0904 | H10C806 107.0 | H10C8-06C9 180.0
H11C9 1.0904 | H11C906 107.0 | H11C9-06C8 180.0
H12C8 1.0960 | H12C806 110.1 | H12C8-06H10 -118.9
H13C9 1.0960 | H13C906 110.1 | H13C9-06H11 118.9
H14C8 1.0960 | H14C806 110.4 | H14C8-06H10 1195
H15C9 1.0960 | H15C906 110.4 | H15C9-06H11 -119.5

aX7 indicates a dummy atom (0 mass) placed on the bisector of the C806C9 angle.

Since the error on the rotational constant A is relatively large, due to the lack of measured b
and ¢ type transitions, the precise values of the substitution coordinates cannot be obtained.! "
However, the effective (partial ro) structure are able to be reproduced from the theoretical structure.
Taking the ab initio geometry as a starting point, and just changing the O6 --H5 hydrogen bond
length (from 1.669 to 1.673(2) A), the rotational constants B and C of all isotopologues can be
reproduced within deviation of 1-2 MHz, and the rotational constant A within its experimental
uncertainty. The hydrogen bond structural parameters obtained with this effective geometry are

given in table 4.1.4.

Table 4.1.4. ro structural parameters of the hydrogen bonds which link the constituent molecules of
HCOOH --{CH3)?0.

O-H--OHB C-H--OWHB
I’oeH5/ A 1.673 I’02H14(15)/ A 2.824
~06H503/° 179.9 ~ C8H14(15)02/° 1155
ZXT06H5/< 128.0 ZC102H14(15)/< 112.5

In table 4.1.5 we compare the experimental and ab initio values of the planar moment of
inertia Pcc. It is defined as Pcc = 1/2(la+1b-1Ic) and it gives the mass extension along the c-axis, i.e. the
mass extension out of the ab-plane. For the vertical isomer, it should correspond to the Paa value of
isolated (CH3)20,[%1 which is also reported in table 4.1.5.

Table 4.1.5. Experimental and ab initio P values of HCOOH --{CH3),0 are compared to the P value of
(CH3)20.

Pco(HCOOH-O(CHs3),)/uA? Paa(O(CH3)2)/uA?
Exptl. ab initio Exptl.
47.6(2)? 47.2 47.0466(1)

3Error in parentheses in units of the last digit. °From Ref. 107.

Both experimental and ab initio P values of HCOOH-O(CHz). are larger than the Paa value
of (CH3)20. It seems that the COC angle of (CH3)20O becomes slightly larger upon complexation
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with HCOOH.

4.1.5. Dissociation energy

The intermolecular stretching motion which leads to the dissociation is almost parallel to the
a-axis of the complex. In this case, a pseudo-diatomic approximation can be used to roughly
estimate the force constant of the stretching mode leading to the dissociation through the

equation:[108]
ks = 161 (uoRem)2[4B* + 4C* — (B —C)* x (B + C)*] /(hDy) Q)

where up is the pseudo diatomic reduced mass, Rem (3.1A) is the distance between the centers of
the mass of the two subunits, and B, C and D; are the spectroscopic parameters of table 4.1.2. We
obtained ks = 21.4 N/m, corresponding to a harmonic stretch fundamental v = 142 cm™. Assuming a
Lennard-Jones type potential the zero point dissociation energy of the complex can be estimated to

be ~11 kJ/mol by applying the approximate expression: %
Eg = ksRcm?/72 (2)

Such a value is considerably lower than the ab initio suggestions. We found the pseudo- diatomic
approximation to work and to give consistent results for several families of related adducts.
However, in the present case we are unhappy with the result. Probably, for HCOOHO(CH?3). the
detachment motion of the monomers does not take place along the a-axis (for example, the carbonyl
group, which is linked to O(CHs). by a WHB, could move away before of the OH group). Then, the
stretching motion could be coupled to bending vibrations making the pseudo diatomic

approximation to crude.

4.1.6. Conclusion

We reported the results of the first rotational investigation of a molecular adduct constituted
of a carboxylic acid and an ether. We observed the spectrum of the most stable isomer (vertical) and
described the structural aspects of the non-bonding interactions which link the two subunits, a
classical OH --O HB and a bifurcated CH --O WHB. The planar conformation was not observed,
probably because undergoing a conformational relaxation upon supersonic expansion. The
dissociation energy appears comparable to the values obtained for HCOOH-CH>O and HCOOH-
COo, and about half the values reported for the complexes of HCOOH with pyridine and formamide,

where a quasi-conjugated ring system is formed.
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4.2. The cluster of Formic acid with Cyclobutanone

4.2.1. Introduction

With respect to internal dynamics, due to the tunneling motions connecting equivalent
minima, the rotational transitions will be split and reflected in the spectra. From the splitting it is
generally possible to determine the potential energy barrier connecting the equivalent minima.
Rotational spectroscopy has investigated the splitting derived from the internal motions involving
carboxylic acid: (i) double proton transfer in dimers of carboxylic acids with a suitable
symmetry;[83-86.941 (jj) internal rotation of a light symmetric group (i.e. a CHs group);-8% (jij)
inversion of an asymmetric group (e.g. a hydroxyl or carboxylic acid) connecting two equivalent
minimal®911%1 or (jv) internal motion of water in hydrated forms of carboxylic acids.[?6-101.110]

Here we report on a huge spectral splittings observed in the jet-cooled rotational spectrum,
which arises from a relative motion of a partner as heavy as cyclobutanone (CBU) with respect to
formic acid (FA) in their 1:1 complex (FA-CBU), . The tunneling pathway and the potential energy

function of the motion have been derived from the experimental values of the AEq: splittings.

4.2.2. Experimental and computational results

Commercial samples of HCOOH, DCOOH and CBU were obtained from Aldrich and used
without further purification. The HCOOD species has been prepared by mixing HCOOH and D20
in the same ratio. The rotational spectra of FA...CBU isotopologues have been measured in two
different laboratories:

a) Bologna. The PJ-FTMW spectrometer was used. Adducts were formed by flowing helium at
~5 atm through two stainless steel reservoirs containing, respectively. CBU was kept at room
temperature, and FA (or isotopologues) was at 273 K.

b) Valladolid. The rotational spectrum of the parent species was initially recorded with a
broadband chirp-excitation microwave spectrometer in Valladolid covering the frequency range 2-8
GHz, which follows Pate’s design.[*!*l In this spectrometer a 5s chirp is created by an arbitrary
waveform generator, which is amplified to 20 W and radiated perpendicular to the direction of the
jet expansion through a horn antenna. A molecular transient emission spanning 40s is finally
amplified, recorded with a digital oscilloscope and Fourier-transformed to the frequency domain.
Sample preparation was similar to the one in Bologna, with optimal conditions requiring backing
pressures of ca. 4 atm and neon as carrier gas. The accuracy of the frequency measurements is better
than 15 kHz.
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The shapes and relative energies of the plausible isomers of FA-CBU were optimized at the
MP2/6-311++G(d,p) and B3LYP-D3/6-311++G(d,p) levels. The two subunits were assumed to be in
a nearly co-planar arrangement in the complex. MP2 method suggests that the CBU molecular ring
is slightly distorted (up or down) from planarity and located in two located minima, while the
B3LYP-D3 calculation predicts a single minimum, with the CBU ring remaining planar in the
complex. Actually, the isolated CBU has been proved to be with the distorted structure undergoing
the ring puckering motion with a small barrier close to 5 cm™ at the planar ring.[**? However, an
effective planar ring will be adopted in the spectroscopy study, if the ground vibrational state lies
above the barrier. It is well-known that MP2 tends to overestimate ring-puckering barriers while
B3LYP underestimates them. Additionally, in previous investigations of complexes of CBU with
water**®l and trifluoromethane,**! MP2 suggested two conformers differing from the distorted CBU
ring, but the experimental results showed only one conformer with effectively planar CBU.
Therefore, we assumed the prediction with the B3LYP-D3 method was more precise and initially
scanned the rotational spectrum with its guide. The corresponding shapes, relative energies,

rotational constants, and dipole moment components are reported in table 4.2.1.

Table 4.2.1. B3LYP-D3/6-311++G(d,p) shape, energy, spectroscopic constants and dipole moment components of
the most stable form of FA...CBU.

A/MHz 4120 ,
B/MHz 993 )“%)a
C/MHz 843 ‘ ‘
ua, pb, puc/D 3.0,0.7,0.7 N J

Absolute energy/Eh -344.004309 -

The rotational spectrum of the parent species was first recorded with the chirped-pulse
microwave spectrometer in Valladolid (see Experimental Section) within the frequency range 2-8
GHz. Unfortunately, the spectrum was weak, and considerably perturbed in that frequency region.
We could only reliably assign three transitions, 202¢—1o1, 303¢—202, 404¢—303, and they were split into
two component lines. We then recorded the spectrum within the 6-18.5 GHz frequency range using
the PJ-FTMW (Chapter II) spectrometer in Bologna.

In this spectrum, we could finally measure 31 s- and 6 u-type transitions, and all the
transitions display two tunneling components lines with the split up to 10 MHz. Additionally, we
also assigned 6 uc-type transitions, with the two component lines evenly spaced by ca. 2245 MHz,
i.e. twice the energy separation of the two sublevels of the vibrational ground state. It is worth
noting that the z-type transitions are inter-states transition.

All rotational transitions have been satisfactorily fitted using the following coupled
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Hamiltonian:
H = Hro + Hr1 + Hep + Hint (4.2.1)

where Hro and Hr: are the rotational terms for the 0 and 1 inversion sub-states, respectively,
and Hcp represents the centrifugal distortion corrections (assuming the same value for the two

inversion sub-states v). The coupling term between the v = 0 and v = 1 states is expressed as:
Hint = AEOl + Fbc><(Pch+Pch) + Fac><(PaPc+PcPa) (422)

where AEo: is the energy difference between the two sub-states, and Fnc and Fac are Coriolis
coupling parameters. The (PaPy+PnPa) Coriolis term was not fitted in the Hamiltonian equation,
which is consistent with an inversion motion through the c-axis. Pickett’s SPFIT program has been
used for this purpose, using the I'-representation of Waltson’s S reduction. The fitted spectroscopic
parameters are shown in the left column of table 4.2.2.

Table 4.2.2. Experimental spectroscopic constants of the observed isotopologues of FA...CBU (Watson’s S-
reduction, I" representation)

HCOOH...CBU DCOOH...CBU HCOOD...CBU
Aod/MHz 4151.912(9)° 4139.417(9) 4119.26(1)
A/MHz 4151.222(9) 4138.707(10) 4118.54(1)
Bo/MHz 988.452(2) 961.557(2) 983.636(2)
B1/MHz 988.562(2) 961.671(2) 983.745(2)
Co/MHz 843.447(4) 823.406(5) 838.570(5)
C1/MHz 843.683(4) 823.627(5) 838.816(5)
Dy/kHz 0.596(1) 0.565(2) 0.586(1)
Dyk/kHz -0.86(4) -1.04(7) -0.91(5)
Di/kHz 11(1) [11]° 11(2)
dy/kHz 0.039(1) 0.037(2) 0.040(1)
dao/kHz -0.016(1) -0.016(5) 0.014(1)
AEq/MHz 1122.756(3) 1084.538(5) 1180.282(5)
Fod/MHz 5.2261(2) 4.9179(7) 5.2584(2)
Fa/MHz 15.5(5) 16.4(5) 14.0(6)
olkHz 5.1 5.2 45

Nd 84 54 74

3Error in parentheses in units of the last digit. Values in brackets have been held at the
values of the parent species. “Root-mean-square deviation of the fit. “Number of lines in the
fit.

After the fit of parent species, we also assigned the spectra of the two mono-deuterated
species DCOOH --CBU and HCOOD --CBU, by using ca. 99% enriched samples of DCOOH and a
1:1 mixture between HCOOH and DO, respectively. The measured transition frequencies were

fitted in the same Hamiltonian expression with that of the parent species. The results of the fits are
reported in the second and third columns of table 4.2.2. No effects of the hyperfine quadrupole
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structure of the D atom (I = 1) have been satisfactorily resolved.

All the experimental frequencies are listed in the appendix V.

4.2.3. Structure analysis

Figure 4.2.1. Principal inertial axes and atom numbering of the observed dimer of FA --CBU. The effective
lengths of the non-covalent bonds are shown.

From the rotational constants of the assigned isotopologues, the Kraitchman substitution
coordinates of the two hydrogen atoms of the FA unit (H5 and H4) have been calculated as listed in
table 4.2.3. The atom numbering and the principal inertial axes system of the complex are in
agreement with Figure 4.2.1. As we know the deriving of the Kraitchman’s coordinates does not
rely on any geometry assumption. However, these Kraitchman’s positions are in good agreement

with the theoretical values as seen in the table 4.2.3.

Table 4.2.3. Substitution (rs), equilibrium (re, B3LYP-D3/6-311++G(d,p)) and effective (ro) atomic coordinates of
the two substituted hydrogen atoms in the principal axes system of the parent species of FA...CBU.

Is I'e ro?
la/A | 3.7785(8)° 3.7924 3.7720
H5 [b/A | 0.579(6) 0.5712 0.6365
/A | 0.22(2) 0.0682 0.1247
la/A | 1.584(2) 1.4549 1.4991
H4 lb/A | 0.989(3) 1.0365 1.0635
Ic/A | 0.06(5) 0.1812 0.1806

3Calculated from the partial ro structure (see text). PError in parenthesis are in units of the last
digits.

The B3LYP-D3/6-311++G(d,p) structures of the two equivalent energy minima and of the
transition state in the potential energy function connecting the two minima (see Figure 4.2.2) are
reported in the appendix IV. By adjusting the theoretical values of the structural parameters roe-o2,
£0602C1 and £0602-C103 from 2.7475 A, 111.0°and -2.2°to 2.7800 A, 109°and 0.4%
respectively, we were able to reproduce the experimental rotational constants within a few MHz

errors. From this structure, the bond lengths of the two hydrogen bonds have been estimated to be:
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ros-H4 = 1.790 A and ros-nie = 2.464 A, respectively.

4.2.4. Large amplitude motion

-29.7 0 29.7 t/°

Figure 4.2.2. The tunneling motion in FA-CBU is due to the internal rotation around the C706-02C1 (r) dihedral
angle, accompanied by structural relaxation of some other parameters.

As we know, the energy splitting AEo: are related the potential barrier connecting the two
equivalent minima. Meyer’s flexible model is especially suitable to determine potential energy
surfaces from the experimental data. The interconversion path is depicted in Figure 4.4.2. As shown
in the results of the fit, AEo(DCOOH...CBU) = 1084.538 MHz is smaller than
AEo1(HCOOH...CBU) = 1122.756 MHz, due to the higher reduced mass of the moieties’ motion in
DCOOH --CBU. However, unexpectedly, AEo:(HCOOD...CBU) = 1180.282 MHz is larger than the
value of the parent species. This is probably related to the Ubbelohde effect, that is the change of
the distance between the two monomers upon H— D substitution. For this reason, only the former
two AEo: values were used to model the potential energy surface of the intermolecular motion.
According to the symmetry between the two minima, the large amplitude motion should be depicted
by variation of the dihedral angle C706-O2C1 (z), and the B> barrier is a function of z The
transition state is consistent with = 0 where all the heavy atoms of the framework lie in the same
plane. The other structural parameters should change with the variation of z, which could also affect
the reduced mass of the motion. As the depiction of ab initio calculation, the double minimum

potential can be described by the following function:
V(1) =Bz [1 - (7 w)4? (4.2.3)

where the value of barrier B, is at 7= 0° and the equilibrium value is at the inversion angle = (see
Figure 4.2.2). Limited by only two sets of experimental data, = was fixed at its B3LYP-D3/6-

311++G(d,p) value (29.79. Guided by the theoretical structures, four structural parameters as a
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function of the dihedral angle zhave been accounted as listed below (see the labels in Figure 4.2.1):

/C8C7-0602/° = 12.0 {d m) (4.2.4)
£0602-C103/° = — 2.2 {d ) (4.2.5)
ZC70602/° = 126.7 — 3 {d m)? (4.2.6)

The outputs of the flexible model calculations are summarized in table 4.2.4. By modifying
the relaxation parameter of the 0602-C103 dihedral angle at m point from -2.2°to +10< both the
energy splittings AEo2(DCOOH...CBU) and AEoy(HCOOH...CBU) can be reproduced within few
MHz deviations. The value (+109 £0602-C103 suggests that the tunneling is due to an
asymmetric butterfly motion of the two moieties with respect to each other. In addition, the
potential function model with the satisfactorily reproduced energy splittings decided a barrier B2 ~
39.7 cm™.

Table 4.2.4. Results of the flexible model calculations.

Tunneling splittings
Obs. Calc.
AEqu(HCOOH...CBU)/MHz 1122.8 1119.8
AEnu(DCOOH...CBU)/MHz 1084.5 1079.6
Potential energy parameters
B, =39.7(5) cm? T0=29.7°

Structural relaxation parameters
ZC8C7-0602/° = 12.0 {t/10)
£0602-C103/° = 10(1) {t/t0)
ZC70602/° = 126.7 — 3.0 {t/10)?

In the flexible model calculations, the zcoordinate has been probed within the #60“range and
solved into 41 mesh points. For the HCOOD...CBU isotopologue, a barrier of ~1 cm™ lower than
parent species can reproduce the AEo: splitting adhering to the parametrization used for the other

two isotopologues.

4.2.5. dissociation energy

The intermolecular stretching motion which leads to the dimer dissociation is almost parallel
to the a-axis of the complex. In this case, a pseudo diatomic approximation can be used to roughly
estimate the force constant of the stretching mode leading to the dissociation employing the

equation:[1%¢]

k, =16m* (14,Rey,)2[4B* +4C* —(B—C)? x(B+C)’]/(hD,) 427)
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where up is the pseudo-diatomic reduced mass, Rem (= 3.89 A) is the distance between the centers
of mass of the two subunits, and B, C and D; are the spectroscopic parameters of table 4.2.2. We
obtained ks = 7.3 N m%, corresponding to a harmonic stretch fundamental v = 67 cm™. Assuming a
Lennard-Jones type potential the zero-point dissociation energy of the complex is estimated to be

9.7 kJ/mol by applying the approximate expression:[1%]

Eg =k,R& /72 (4.2.8)

Such a value should be underestimated, because the butterfly motion implies that the D;
parameter includes the contributions from other vibrational motions besides the co-linear stretching
motion with a axis. The theoretical calculations at MP2/6-311++G** and B3LYP/6-311++G**-D3

levels indicate the values to be 40.7 and 47.9 kJ/mol, respectively, which supports our thought.

4.2.6. Conclusion

In conclusion, all the rotational spectra for three isotopologues of FA --CBU display the splitting
patterns, which allows to describe the inversion pathway and to determine the potential energy
surface along the C706-0O2C1 dihedral angle variation. This is the first time that the large tunneling
splitting in the rotational spectrum of a hetero-dimer involving a relative motion between two large
molecules has been quantitatively characterized. The two subunits are linked through a conventional
O-H --O hydrogen bond, which acts as a fulcrum for a butterfly-like motion that the O3 oxygen
alternately bond with H15 or H16 through the C-H --O weak hydrogen bond, corresponding to the

two equivalent minima.
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4.3. The dimer of Indan-CHF3

4.3.1. Introduction

As a proton donor in weak hydrogen bonds (WHBS), the C—H group recently attracted a lot of
attentions. X-rays investigations showed its same directional properties as the “classical” hydrogen
bond (HB).["'4 Plenty of information on WHBs has been obtained with IR spectroscopy %1, In
addition, microwave (MW) spectra of complexes in supersonic jets have provided precise
information on the energies, structures and dynamics of such kinds of interaction.¢! Due to the
high withdrawing effect of the fluorine atoms on the electronic density, CHF3 has a quite acidic
hydrogen atom and can represent a prototype proton donor to study and characterize WHB in
molecular complexes. Indeed, the C-H --O, C-H --£-C, C-H --N, C-H --§ and C-H --+ linkages of
the complexes of CHFs with several organic molecules have been characterized by the rotational
spectra.[**"-1?°1 More interestingly, the internal rotation of CHFs around its Cs symmetry axis can
split each rotational transition into two components. This unique feature of the rotational spectra can
provide the information of the internal dynamics. Large splittings have been observed in the case of
Ar-CHF3,1*%1 while small splittings have been found for the complexes of HCFs with CHsF,[12%
C2H40,1*21 thiiranel?? and pyridine.*?®! In complexes of CHF3 with heavier molecules, such as
cyclobutanone®® and 1,4-dioxane,[*?®), the Vs barrier was too high to observe the tunneling
splittings. In addition, The rotational study of benzene-CHFs,['81 CHF3-NH3!**"! and quinuclidine-
CHF;M indicated that the dimers are symmetric rotors with the two subunits can freely rotate with
respect to each other. In this case, the transition frequencies are a direct function of the rotational
constant B, the centrifugal distortion parameters, and the quantum numbers J, K and m (the torsional
quantum number). In this work, we are interested to investigate the behaviour of CHFs when
forming a complex with a molecule in which a cyclopentene ring is condensed to the benzene ring:

indan.

4.3.2. Computational and experimental methods

As described in the paragraph on the indan monomer, indan is characterized by several large
amplitude motions,*2" such as the ring puckering of the CH, apex opposite to the benzene ring, the
butterfly motion of the two rings with respect to each other, and the twisting of the two methylenic
groups attached to the benzene ring. The potential energy function of the ring puckering showed
two energy minima with the ring puckering angle at m = #35< So for the adduct indan-CHFs3, two

conformers are expected, which differ from the entgegen (E) or zusammen (Z) position of the CHF3
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subunit with respect to the CH> apex, both showing a Cs symmetry (as shown in Figure 4.3.1). The
full geometry optimizations were carried out at the MP2/6-311++G** level of theory using the
GAUSSIAN 09 suite of programs. All energies have been corrected for basis set superposition error
(BSSE) using the counterpoise procedure.l'®! The relative energies and the spectroscopic
parameters are listed in table 4.3.1. Conformation Z (left) is more stable probably due to the
interactions of the fluorine atoms with hydrogens of the cyclopentene ring.

J

")

23 2
29 .
29

J

z

Figure 4.3.1. Z and E conformations of indan-CHFs.

Table 4.3.1. Ab initio (MP2/6-311++G**) spectroscopic parameters for indan-CHF3

Z E
AE/KJ mol*t ol 0.99
AEzpe/kJ mol? ol 0.94
AEgsse/kJ mol? ofcl 0.24
ED(sz+BSSE)/kJ molt |11.704 114
A/MHz 937.8 964.1
B/MHz 673.9 633.8
C/MHz 545.8 527.0
1alD 2.14 2.06
/D 0.61 0.79

[a] Absolute energy E = -685.636923 En. [b] Absolute energy E = -685.445575 E;. [c]
Absolute energy E = -685.630552 Ep. [d] Dissociation energy, including zero point (ZPE,

harmonic approximation) and basis set superposition error (BSSE) corrections.
Commercial samples of Indan, CHFz and CDFs (Aldrich) have been used without further
purification. The rotational spectra in the 6-18.5 GHz frequency region was measured using the PJ-
FTMW spectrometer. A gas mixture of ~ 0.5% of CHFz in He at a stagnation pressure of ca. 0.2

MPa was flowed over liquid indan at 323 K.

4.3.3. Rotational spectra

Guided by the theoretical prediction of the rotational constants and the large value of the ua
dipole moment component, the ua-type transitions were assigned first. Finally, eight ua-type R bands
with J in the range from 5 to 12 and with K.; ranging from O to 6 have been identified. Then,
relatively weaker up-type transitions were measured. Watson’s Hamiltonian in the 1" representation

and the S reduction have been chosen to fit all the transitions. The fitted spectroscopic parameters
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are reported in the left column of table 4.3.2. As an example, a portion of the spectrum with two
nearby transitions: 8os-707 and 81s-707, respectively, is shown in Figure 4.3.2. Their intensity ratio
supplies the ratio of the electric dipole moment components ua/up = 3.8(5), which is in good
agreement with the theoretical value of Z type geometry (3.5) and not with that of the E geometry
(2.6).

8673
Frequency / MHz

Figure 4.3.2. Nearby ua 80,8-70,7 and up 81,8-70,7 transitions of indan-CDFs3, recorded at the /2 power conditions.
The intensity ratio is in agreement with the ua/uy ratio of the theoretical values of the electric dipole moment
components.

Table 4.3.2. Experimental spectroscopic constants of indan-CHF; (S-reduction, I" representation).

indan-CHF; indan-CDF3
A/MHz 940.9516(3)[ 940.0022(8)
B/MHz 648.7726(2) 648.2286(6)
C/MHz 528.7273(1) 528.0866(4)
Dy/kHz 0.1807(6) 0.180(2)
Dik/kHz 0.464(5) 0.450(1)
Dk/kHz -0.598(6) -0.579(1)
di/kHz -0.0363(4) -0.037(2)
da/kHz -0.0046(3) -0.0044(8)
ol’l/kHz 1.7 13
Nc] 105 45

[a] Errors in parenthesis are expressed in units of the last digit. [b] Standard deviation of the fit. [c]
Number of fitted transitions.

After the assignment of indan-CHFs, we then measured and identified the rotational spectrum
of the indan-CDF3 isotopologue. The spectroscopic parameters fitted by same Hamiltonian as above

are reported in the right column of table 4.3.2. All measured frequencies are listed in appendix VI.

The rotational constants extrapolated from the observed spectrum corresponds to that of
conformer Z, and appear 3-4% lower than B and C rotational constants calculated from the ab initio
applying the experimental-to ab initio corrections. Such decrements have already been observed in
a similar cage adduct, dioxane-CHF3.'%! The results showed ~4% and ~3%, respectively, decrease

in going from ab initio values (661 and 624 MHz, respectively)to the experimental values of B and
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C (634.221 and 602.787 MHz, respectively, Ref.[12]). Additionally, there were no splittings due to
the internal rotation of the CF3 group displaying on our spectra, which implies V3 exceeds 50 cm™.

Figure 4.3.3. Configuration, principal axes, main parameters and atom numbering of the most stable conformer of
indan-CHF;

4.3.4. Structure information

The geometry of conformer Z is shown in Figure 4.3.3. The principal axes system, the atom
labels and the intermolecular interactions between two monomers have also been marked. In order
to easily describe the parameters, we have introduced two points X and Y. There, X and Y are the
intermediate points between the carbon atoms C2 and C2’, and the carbon atoms C4 and C4’,
respectively. The geometry parameters of the main framework are listed in table 4.3.3. The
experimental rotational constants have been reproduced within 0.5 MHz by slightly increasing XH6
(form 2.317 to 2.39A) and o (from 90.8° to 91.8°) of the ab initio structure, as shown in table 4.3.3.
X is roughly the center of the benzene ring, so the H6 --X distance can be regarded as the H --1
“bond length”. The complex is bonded by, besides the H --4t, another four CF --HC weak HBs. The
F --H distances and the C-H --F angles have been derived from the ro structure, and their values are
given at the bottom of the table 4.3.3.

Table 4.3.3. MP2/6-311++G** geometry of the heavy frame and of the Hbond parameters of indan-CHFs.

bond lengths/A angles/°
CICI? 1.406 CI’C1C2 120.5
C1C2 1.399 C1C2C3 119.0
C2C3 1.403 C1’C1C4 110.1
C3C3 1.401 T 31.6
C1C4 1512 o 91.8(6)H
YC5 0.944 B 146.7
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XH6 2.39() HE6C7F8 110.9
H6C7 1.085 H6C7F9 110.7
C7F8 1.340 XH6C7F8 180.0
C7F9 1.342 H6C7F8F9 120.1
Derived (ro) WHB parameters

F9--Hca 3.307 C4HF9 100.3
F9--Hcs 3.045 C5HF9 125.7

[a] Error in parentheses in units of the last digit. The ab initio values of the two fitted parameters are
2.317 Aand 90.8°, respectively.

Generally, from the rotational constants of isotopologues the substituted coordinates can be
obtained. However, in this work, the determined rotational constants of the indan-CDFs species are
not suitable to indicate the location of the CHF3 hydrogen atom. As a result of the reverse
Ubbelohde effect involved in the C—H:---r WHB. The normal Ubbelohde effect is the phenomenon
in which the distance between the two constituent subunits increases of a few mA upon deuteration.
It happens apparently when a double equivalent minima potential is associated with the double
proton transfer such as for the carboxylic acid dimer.[*?8] However, when it comes to the case of a
single HB O-H --O or a single WHB C-H --«t between CHF3 and benzene, the reverse Ubbelohde
effect takes place.['?! This effect evokes a decrease in the distance between the two monomers
upon H—D substitution.[?8121 Sych effect can induce quantitatively similar changes in the
moments of inertia as those

due to the isotopic substitution. Therefore, Kraitchman’s substituted

coordinates cannot be obtained when the Ubbelohde effect occurs

However, in turn, from the rotational constants of the isotopologues, the Ubbelohde effect can
be sized. First of all, to quantify the Ubbelohde effect, Paa planar moments of inertia (defined as Paa
= ¥imiai?), which means the mass extension along the a-axis are necessary. These values can be

easily obtained from the rotational constants through the relation:

Paa = h/[(1672)(-1/A+1/B+1/C)] (4.3.1)

The P difference (APaa) between experimental and calculated value is 0.636 uA? for the
parent species while the difference is 1.439 uA?for the D6 deuterated species. The calculated values
are obtained from the model structure. This discrepancy of the APaa 0f the two isotopologues is due
to the reverse Ubbelohde effect as mentioned above. This discrepancy can be offset by changing the
distance between the two centers of mass of the two subunits -2.5 mA upon H—D substitution.
Such a shrinkage is smaller than that obtained in benzene-CHFs, which is 4.4 mA.B Additionally
both of them, involving the C-H --st bond, are smaller than the shrinkage in the OH --O bond,

which is observed in dimers of alcohols, and in adducts of alcohols with ethers (Ar = 5-7 mA).[*?]

In the case of the indan-CHF3 complex the stretching motion which can induce the complex’s
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dissociation is almost parallel to the a-axis. This allows us to estimate the stretching force constant

(kg) by using the approximated equation:
ks =16m*(uaRcm)?[4Ba*+4Ca%-(Ba-Ca)?(Ba+Ca)?]/(hDy) (4.3.2)

where the suffix A is for “Adduct” and ua, Rem, B/C and D; are the reduced mass, the distance
between the centers of mass, the rotational constants and the first order centrifugal distortion
constant, respectively. The value of Rcwm, calculated from the fitted geometry, is 3.59 A. Substituting
the spectroscopic parameters into Eq. (1), the resolution gives a value ks = 9.6 N-m™, corresponding
to a harmonic stretching frequency of 61 cm™.  The dissociation energy (Ep) has been evaluated to
be 11.2 kJ mol™* by assuming a Lennard-Jones potential function, according to Ep=1/72 ks Rem?. Ep
is in good agreement with the ab initio value, once that the BSSE corrections have been introduced
(see table 4.3.1). As expected, the dissociation energy is stronger than in benzene-CHF3, contributed
by the adjuvant four C-H --F WHBs.

It is worth noting that conformer E is slightly higher in energy than the Z one. Its spectrum
ought to be observed. However, the barrier of the conformational interconversion (ring-puckering
barrier) between E and Z is smaller than 2KT, it is plausible that a conformational relaxation to the
most stable conformer takes place upon supersonic expansion.

In table 4.3.4, we have compared the interactions in the complexes of CHFs with different
partners. It appears that among the various kinds of WHB, C-H --st and C-H --N are stronger than
C-H --§, C-H --0O, and C-H --F. In addition, multiple WHB contacts involving the F atoms of the
rotor CHF3 can raise the barrier of the internal motion.

Table 4.3.4. Experimental values of the dissociation energy (Ep), barrier to internal rotation of the CFs group (Vs

or Ve, depending on the symmetry of the complex) and number of WHBs for the complexes of CHF3 with several
organic molecules.

partner molecule | Ep (kJ/mol) WHBs Barrier (kJ/mol) Ref.
Benzene 8.4 CH --t V=0 [5]
Quinuclidine 10.2 CH --N V=0 [6]
CHsF 5.3 3*CH --F V3=0.84 [7]
Oxirane 6.7 CH --Q, 2*CH --F V3 =0.55 [8]
Thiirane 9.8 CH --8§, 2*CH --F V3 =0.53 [9]
Pyridine 11.4 CH--N,CH--F V3=0.57 [10]
Cyclobutanone 7.5 CH--Q, 2*CH --F V3 > 0.70M [11]
1,4 dioxane 6.8 CH --Q, 2*CH --F V3 > 0.700 [12]
Indan 11.2 CH --xt, 4*CH --F V3 >0.70M This work

[a] Splittings due to the internal rotation not resolved.
4.3.5. Conclusion

We assigned the rotational spectra of indan-CHF3 and indan-CDFs. The complex presents a
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cage structure where the two moieties are held together by one CH --«t and four CH --. The
adjuvant four C-H --F WHBs can fix the free rotor CHF3 on the = cloud, and strengthen the binding
energy between the two subunits. As observed in previous work, the reverse Ubbelohde effect takes
place upon H—D substitution in the CH --st bond. However, due to the cooperative effect of the

multiple WHB again, this kind effect is much smaller than that in complex Benzene-CHFa.
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4.4. [CH2F2]n --{H20]m trimers and tetramers
4.4.1. Introduction

Thanks to the development of the techniques over the decades, nowadays we can
spectroscopically characterize the weakly bound complexes such as the oligomers held by WHB. In
this work, the complex network held together by different classes of HBs have been investigated
using CP-FTMW, revealing for the first time the existence of stable heterotrimers and
heterotetramers of difluoromethane (D) with water (W). Besides their importance in critical
processes as atmospheric ozone depletion, freons are molecular species of fundamental interest in
the context of WHB frameworks. In 1999, Caminati et al. firstly investigated the interaction
between water with Freon 32 (CH2F2) using the Stark and pulse modulated free jet absorption
millimeter-wave spectrometer,[*3-1%2 and observed a set of evenly spaced line, which were finally
assigned to the spectrum of CHzF2 dimer.['*¥l In CH2F,-water dimer the O-H group acts as strong
donor and F as weak acceptor while in DFM: the C-H and C-F groups can act as weak HB donor
and weak acceptors respectively. Since that, a gate has been opened for the rotational study of the
Freon clusters. After 8 years the CH2F trimer was characterized by PJ-FTMW spectrometer,34
and another 7 years later the rotational spectra.[**® of the tetramer was recorded. Now we extend the
study to the heterotrimer and heterotetrameter of CH2F> with water. Considering the chemical
structure of both H>O and CH2F2 molecules, the combination of them can assemble a big family of
HBs, ranging from medium (OH---O) HBs between two water molecules, to WHB’s of different
types as medium donor — weak acceptor (O-H --F), weak donor — medium acceptor (C-H --O) and
the most elusive yet efficient, weak donor - weak acceptor (C-H --F). Such complexes should be
characterized by a subtle interplay of all the aforementioned contributions, and could yield a wealth

of structural and dynamical information, allowing for a further step in the comprehension of WHBS.

4.4.2. Computational and experimental methods

All calculations were performed with the Gaussian09 software package. A statistical method
complemented with density functional theory (DFT) approach has been proposed and successfully
applied for the identification of DFM dimer, trimers and tetramers.[**>%¢] The results, obtained with
the dispersion corrected functional B97D functional,!*3"1 were found in good agreement with both
experimental data and, as far as the dimer and the trimer are concerned, with QM predictions
previously*®3134 gbtained with MP2 theory. So DFT optimizations were performed with the B97D
dispersion corrected functional,**1 with both aug-cc-pvDz and aug-pv-ccTz basis sets. For all
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calculations, the binding energies were computed taking care of the basis set superposition error
though the standard Counterpoise correction.%!

The first step of the present approach concerned finding the most stable conformers for the
two possible hetero-trimers and one hetero-tetramer, namely [CH2F2].H.0 (D2W), CH2F2[H20]2
(DW2), and [CH2F2]2[H20]> (D2W2), respectively. However, it is well known that the choice of
both DFT functional and the dispersion correction scheme is crucial to the accuracy of the results,
and may significantly depend on the investigated system, especially when WHBs are involved.[*%!
For these reasons, only a first screening was performed at B97D level, and the resulting optimized
geometries were then refined at MP2 level with the 6-311++G** basis set. In fact, besides the good
agreement found with DFT for the aforementioned DFM clusters, MP2 was successfully applied in
several works to describe WHBs,"® and in particular the DFM-W interaction.[*3%-1321 The whole
screening protocol, essentially based on a series of QM geometry optimizations, successively
performed at different levels of theory, is described in detail in the appendix. The structures
optimizations calculation parameters are listed in appendix. VII.

The MW spectra of parent species were performed in Pate’s group at the University of
Virginia using a CP-FTMW spectrometert*® which covers the frequency ranges 2-8 and 6-18
GHz.['*1 The DFM sample was obtained from Sigma Aldrich. The spectrometer has 5-nozzle
sample injection system which reduces the measurement time and sample consumption required to
reach a given target sensitivity. The chirped pulse is generated by a 24 GHz sample rate arbitrary
wave generator (Tektronix AWG 7122B) and amplified by a 300 W peak power pulsed traveling
wave tube amplifier (Applied System Engineering 167X/KU). The bandwidth of the wave generator
(2-8 GHz) can be extended using a pulse generation circuit to create microwave output in the 6-18
GHz range. The measurements use a 4 us duration chirped pulse with a linear frequency sweep
from 2 to 8 GHz or a 2 ps duration pulse from 6 to 18 GHz. After sample excitation, the coherent
broadband emission of the free induction decay (FID) is amplified using a high-gain, low-noise
MW amplifier and recorded using a 100 Gs s * digital oscilloscope (Tektronix DPO 73304D). The
FID is collected for 40 us in the 2-8 GHz range at a sampling rate of 25 GHz or 20 us for 6-18
GHz at a sampling rate of 50 GHz. A gas sample injection repetition rate of 3.3 Hz is achieved, with
26.4 or 33 Hz FID signal averaging in the 2-8 or 6-18 GHz ranges, respectively. The frequency
domain spectrum is obtained from this averaged FID by fast Fourier transformation following the
application of a Kaiser-Bessel window function to improve baseline resolution. A gas mixture of 1%
CH2F2 in Ne at a backing pressure of 350 kPa passed through a container with water and then was
expanded into the spectrometer.

CH2F> with deuterated species were measure in Cocinero’s group at the University of the
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Basque country. The details of the CP-FTMW spectrometer of Cocinero’s group was described in
Chapter 1185 The D,O was purchased from Sigma Aldrich and DOH was achieved by mixing D20
and H2O with 1:1 ratio. A gas mixture of 1% DFM in He with a stagnant pressure 300 kPa was

expanded into the cavity after passing over the water reservoir.

4.4.3. Rotational spectra
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— DFM3 DFM2W1
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— DFMAW1
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Figure 4.4.1. The black trace shows the CP-FTMW spectrum in the 6-18 GHz frequency region.

The colored trances are the simulations of observed clusters.

One portion of the broadband rotational spectrum is shown in Figure 4.4.1. After removing
the transition frequencies of (CH2F2)2, (CH2F2)s, (CH2F2)4, and CH2F2-W from the whole spectrum,
which were already assigned in previous works, one set of transitions for each oligomer, DW2,
D2W, and D2W2, respectively, has been successfully assigned based on the corresponding
predictions. Among them, 50 spectral lines with splitting pattern were inferred to the ua-R type
transitions (Jupper from 1 to 6) of DW2 with the configuration as shown in Figure 4.4.2. No lines
belong to b and c type transition can be found in the spectra. This is in agreement with the

conformer we assigned which is with negligible dipole moments of un and uc(see in table 4.4.1 and
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A7.1). 114 ua-R and 16 un-R type transitions with splitting were assigned to D2W complex. In
addition, one set of lines with 77 ua-R type, 37 up type and 48 uctype transitions was assigned for
D2W2 cluster. All the rotational frequencies were fitted with Watson’s Hamiltonian (I'-
representation, S-reduction) using Pickett’s SPFIT program and the results of the fits are listed in
table 4.4.1 and appendix VII. From the fitted rotational constants and dipole moments patterns one
can easily identify the experimental conformers among the stable structures in the theoretical
potential surface for DW2 and D2W2. All the possible conformers are shown in the appendix VII
and the assigned conformers are listed in Figure 4.4.2. However, it is difficult to try to understand
which structure the spectrum originates as from the calculation results on D2W, because two
possible conformers with quite close rotational constants are found. One possesses Cs symmetry
with moieties CH», CF2 and whole H2O on the symmetry plane, while another one belongs to the C;
symmetry group (as see in appendix VII). Therefore, it is necessary to observe the rotational spectra
of isotopologues to discriminate between the two isomers. For this reason, we proceeded to measure
the rotational spectra of the previous clusters with deuterated water using the CP-FTMW
spectrometer in the 6-18 GHz frequency range. To further confirm our assignment and locate the
hydrogen atom of the water, we then performed the experiment by replacing water with a mixture of
normal and deuterated water, where H,O, DO and HOD can exist simultaneously in the spectrum.
Therefore, there are totally 2n (n is the number of the hydrogen atoms of water) isotopologues for
each conformer. Finally, we identified all the isotopologues for D2W, 11 isotopologues for DW2
and 7 isotopologues for D2W?2. It is acceptable for the missing of some isotopologues due to the
relative low population for each isotopologue and the vibrational relaxation from some of them to
the others with lower zero-point energy. The latter effect has been found in the microwave
investigation of DFM-W dimer, where the DFM-HOD (the primed H participates in the hydrogen
bond) was not observed in the microwave spectrum, and this is related to the relaxation to DFM-
DOH during the supersonic expansion.*®131 |t should be noted that in this work some
isotopologues with -HOD have been identified.

Table 4.4.1: Binding energies (BE), rotational constants (A, B and C) and electric dipole components (ja, e,

k), computed for the structures of theCH.F,[H20], (DW2) and [CH2F2]:H.O (D2W) trimers shown in Figure
4.4.2.

DwW2 D2wW D2W2
Calc. | Expl. Calc. | Expl. Calc. | Expl.
v=0 v=1 v=0 v=1
A/MHz 5560 | 5249.96( 5)° 2304 | 2248.047(7)° | 2248.194(7) | 1774 | 1759.4167(7)
B/MHz 1736 | 1729.540(2) | 1729.658(2) | 1103 | 1096.505(1) | 1096.516(1) | 737 | 763.3094(2)
C/MHz 1339 | 1316.196(2) | 1316.166(2) | 874 | 860.5625(6) | 860.5106(7) | 700 | 696.9655(2)
/D 2.1 Yes 1.6 strong 2.7 Yes
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/D 0.0 No 0.4 weak 0.6 Yes
/D 0.3 No 0.1 no 1.2 Yes
BE/kJ mol? | -41.7 -28.0 -53.1

4.4.4. Structure information

ﬁwz D2W \

Figure 4.4.2. Upper: Most stable structures for the CH2F; --{H20]. (DW?2, left) and [CH2F]2 --H20 (D2W, right)
trimers. Lower: Structures of the [CH2F2]2 --{H20]2 (D2W?2) tetramer: side view (left) and top view (right).The
0 --0O, C--0 and C --C distances that characterize the cluster structure are displayed with blue dashed lines,
whereas the different WHB, whose distance is less than 3.0 A, are evidenced with dotted lines in different colors
(OH --Ored; O-H --F magenta; C-H --O orange; C-H --F green).

The rotational constants and dipole moments pattern for each complex can provide a strong
evidence to discriminate between geometries of the optimized minima and the assigned isomers.
Some other methods should be also used to confirm the assignment, especially for D2W, for which
is difficult to distinguish between the two conformers Cs and C; as shown in Figure A7.4 (Appendix
VII) with just rotational constants and dipole moments. There are two evidences for supporting the
Cy structure. The first one is the mass extension along c axis. This information can be obtained from
the planar moments of inertia: Pcc = (-lec + laa + lbb)/2. For Cs structure the value is 47.88 uA?, and
for Cy structure it is 49.34 uA2. The value from the experimental result is 49.2 uA? and agrees with
the C; structure. The second method to identify the geometry is using Kraitchman’s equations to
calculate the coordinates of the substituted atoms from the isotopic variation of the moments of

inertia. The substitution structure, rs, has an advantage of giving the substituted atom positions in
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the principal axes without the information of the assumed structure of the molecular system. But it
is worth noting that Kraitchman’s method has also some limitations such as bad analysis for the
atoms close to principal axes due to the vibrational contribution in the measured rotational constants
of the ground state. From the rotational constants of the isotopologues as listed in the appendix VII,
Kraitchman’s structure related to the hydrogen atoms of the water molecules involved in the
oligomers can be obtained, as shown in Figure 4.4.3. One can see that the substituted coordinates
match the theoretical structure quite well for DW2. For the other two complexes, the position of one
hydrogen was not well located by Kraitchman’s coordinates, because, of the limitation of
Kraitchman’s method related to the internal motion of the water described in the following
paragraph. But even the location of only one hydrogen atom by Kraitchman’s coordinates for D2W
is enough to rule out the Cs conformer. When it comes to D2W2, the substituted positions do not
match the configuration with high precision. However, that Kraitchman’s position is clear enough to

prove that the D2W2 adopts the conformer as we report.

Figure 4.4.3. Determined substitution structures. The full skeletons are from an initio structure, and the blue
transparent spheres represent the Kraitchman coordinates.

a) Trimers. From a first visual inspection it is evident that in both trimers a net of four HBs is
settled among monomers. In DW2, the strong HB between the two water molecules (1.9 A,
evidenced in red in the left panel of Figure 4.4.2) is the driving force that keeps them at close
distance (Ro--0= 2.8 A), whereas two WHBs, between two weak C-H donors and a single strong
acceptor O (yellow dashed lines), hold the DFM monomer at a rather short distance (Ro.-c = 3.0 A)
with respect to the closest H.O molecule. Finally, the stability of this cluster is further enforced by a
last WHB, which takes place between the strong O-H donor of the second water molecules and the
fluorine, as weak acceptor (evidenced with a dashed magenta line in the left panel of Figure 4.4.2.
All the HBs make the cluster form a cyclic structure and locate almost all the atoms in one plane
except for the two hydrogen atoms of DFM and two free H atoms of the water. The H atoms of
DFM are located on two side of the plane symmetrically. The two free hydrogen atoms of water

also lie out of the plane with tunneling between both sides.
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Previous work on the DFM dimer showed us a Cs symmetric structure which is formed by
three F --H non-covalent bonds. When a H>O molecule is added to the dimer, as in the D2W trimer,
it is inserted in the F--H interaction in the Cs symmetric plane. The addition of thiswater
moleculedestroys the Cs structure. The assigned and most stable conformer is shown in the right
panel of Figure 4.4.2. No strong HB can be formed in this cluster, and the oligomer is mainly kept
together by four WHBs. Two of them are of weak-donor/weak-acceptor kind (green lines in Figure
4.4.2) between the two DFM monomers, showing a typical F --H distance of about 2.7 A. The
remaining WHBs involve the C-H --O and O-H --F triads (yellow and magenta lines in right panel
of Figure 4.4.2) and result in shorter distances with respect to their DW2 analogues (2.3 A and 2.0
Avs. 2.6 Aand 2.1 A, respectively) indicating that in this case these WHBs are more effective in
stabilizing the molecular cluster. It is worth noticing that all HB distances, evidenced with different
colors in Figure 4.4.2, agree with previous values found for similar interactions.[7®130-136]

The binding energy (BE) of both trimers was computed at MP2//6-311++G(d,p) level and
reported in table 4.4.1. The comparison between DW2 and D2W BEs reflects the structural
parameters commented above: the former trimer is found to be the more stable by almost 14 kJ/mol,
due to the settlement of the strong HB between the two H2O molecules. The computed BEs are
consistent with the average values found in literature for each kind of HB involved.[7%140.141]

b) Tetramer. The computational screening for the most stable [CH2F2]2[H20]> (D2W?2)
tetramers resulted more difficult, due to the increased complexity of the subtending IPES.
Nonetheless, as detailed in the appendix VII, two different quasi degenerate conformers were
eventually found, exhibiting rather similar rotational constants but not negligibly different dipole
components. Concretely, the first, most stable (BE: ~54 kJ/mol) tetramer showed significant
components along both A and B directions (appendix VII), whereas the second D2W2 cluster
(reported in table 4.4.1), although slightly less stable (BE: ~53 kJ/mol), is characterized by greater
Ik and & values, in better agreement with the experimental intensities and rotational constants. The
structure of this latter tetramer is shown in Figure 4.4.2 in two different views. This cluster is linked
together as a cage structure with 7 hydrogen bonds. From the left panel, the tetrahedron-like, 3D
structure clearly appears. It is interesting to note as the main distortion with respect to a regular
tetrahedron is caused by the short O --O distance (2.9 A), due to the strong HB between water
molecules, and by the elongated C --C distance (4.2 A) between the two DFM monomers, which
still interact through WHB of the C-H --F type (green lines)). As most evident in the left panel, the
hard socket is formed by the two strongly bound water molecules which are able to attract the
lateral DFMs by means of WHBs, even if a further stability originates from a direct interaction

between DFMs. The overall effect of the WHB network, evidenced in the right panel of Figure
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4.4.2, is to stabilize the tetrameric structure, favoring it with respect to two separate dimer
arrangements. The great stability of the tetramer with respect to fragmentation is confirmed by
comparing the total binding energy of 53 kJ/mol, with the result expected for either a water and a
DFM dimer or two DFM/W dimers: in the former case the interaction energy by previous findings
would be approximatively 33.5 kJ/mol (21 kJ/mol for [H20]2 + 12.5 kJ/mol for [CH2F2]2t3313¢),
while only 20 kJ/mol (10 kJ/mol for each CH:F> ---H-0 dimer™3%) should be expected for the latter

pair.

Table 4.4.2. The comparison of non-covalent bonds in DFM and water clusters (A).

H--F 0--0 c--C H--F C--0 H--0
(CH --F) (OH--F) | (CHz--0) | (CH--0)

D2 2.759/2.6281/133 3.55

Ds 2.476-3.246'13 3.648-3.942

D4 2.541-3.549"/13 4.22

W, 2.98(2.92)rf142

Ws 2.88(2.80)

Ws 2.81(2.75)

Ws 2.76(2.73)

DW 2.20(1) 2.997/3.040

DW; 2.82 2.07 2.97

D:W | 2.74/2.67 3.81 2.04 2.29

DW: | 2.79/2.87 2.88 4.23 2.32/2.08 2.27/2.42

The interactions comparison between different DFM and water clusters is reported in table
4.4.2. One can see that the CH --F bonds in this work are comparable with the bond length of the
pure DFM oligomers. The typical hydrogen bond O --O between the water moieties in the hetero-
cluster are in agreement with that in the pure water trimer and tetramer. The bond C --C between
the DFM units in this work is consistent with that in the pure DFM oligomers, where the bond in
D2W (3.81A) agrees with the DFM trimer and D2W2 (4.23A) agrees with the DFM tetramer. For
the distance of C --O in the interaction of CH> --O, which is a bifurcated wHB, does not change
from DFM-w (3A) to DFM-W2 (2.97A).

4.4.5. Tunneling splitting

As previously reported, the D2W and DW2 isomers show splitting for each transition of their
spectra. The internal motions which raises these splitting have been interpreted using also the

isotopologues spectra.

84



For D2W isomer, the normal specie shows an intensity ratio of the two component which is
about 3:1 and the isotopologues do not show any tunneling splitting. These experimental evidences
suggest that splitting originates from the internal motion of water in along its C, axis which
involves the exchange of two fermion originating a ratio of intensity 3:1.

Instead for DW?2 splitting is still present despite the single replacement of hydrogen atoms
with deuterium atoms. As highlighted in previous works (water trimer*3 tert-butylalcohol —
waterl**4) in this case the splitting is originated from the concerted motion of the hydrogen atoms
above and below the plane.

A mathematical model for describing these internal motions is currently in the processing
phase. The diagrams showing these two motions are schematically shown in Figure 4.4.4.

\
M.’asw

Figure 4.4.4. Internal motions in two trimers: (a) the internal motion of water along its C, axis in DFM2W; (b) the

hydrogen atoms flipping motion in DFMW?2.

4.4.6. Conclusion

In summary, | report the rotational spectra of (DFM)m-(W), clusters (m, n = 1, 2) and their
isotopologues. The isomers in the supersonic expansion have been assigned by their rotational
spectra. This work can broaden our knowledge about the cluster formed by the cooperation of the

weak/medium hydrogen bonds.
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Chapter V

Pre-reactivity and reactivity between gaseous carboxylic acids
and alcohols

In order to understand the nature of the non-covalent interactions and to have information on
the internal dynamics and on the conformational equilibria, a lot of molecular complexes involving
carboxylic acids[®0-1041451461 haye been investigated by rotational spectroscopy. However, no
literature about MW studies of complexes between carboxylic acids and alcohols are reported. As
we know, when the carboxylic acid is treated with the alcohol, the ester can be formed. This
reaction is called esterification, which is one of the most important reactions in organic synthesis.
To produce ester in 100% yield from the condensation between the carboxylic acid and the alcohol
is the ultimate goal of the organic and industrial chemist. The rate and the extent of the equilibrium
of the esterification are dependent on the structure of the molecules and the types of the functional
substituents of the alcohols and acids.**”l Understanding the esterification mechanism on the
molecular level will help the people to reach the ultimate goal. Therefore, | thought to try to
investigate the prototype of this kind of complexes between carboxylic acids and alcohols.

| have investigated the rotational spectra of formic acid with a series of primary, secondary
and tertiary alcohols. In the experiments all samples were obtained from Aldrich and used without
further purification. The rotational spectra in the 6-18.5 GHz frequency region were measured with
PJ-FTMW spectrometer (as described in Chapter Il). For each measurement, the samples of
carboxylic acid and alcohol were filled in separated containers. Helium at a total pressure of 0.3
MPa was streamed over the various samples, in such a way to have ca. 1% concentration of the
species of interest in the molecular beam.

In detail, the following systems were studied: HCOOH-CH3OH, HCOOH-C;Hs0H,
HCOOH-(CH3),CHOH and HCOOH-(CHz3)3COH. In the experiment of HCOOH-(CH3)sCOH, only
the spectra of the adducts was observed, while in the other cases only rotational transitions were
obtained to belong to the esters. Then I replaced linear alcohols with cyclic alcohols, such as
cyclohexanol and 1-methyl-cyclopropanol. The same situations have been found: only the rotational
spectrum of the ester was obtained for the secondary alcohol, while for the tertiary alcohol only that

of the adduct was obtained. In addition, | performed the experiments by replacing HCOOH with
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carboxylic acids with stronger (CFsCOOH) and weaker (pivalic acid) acidity. In the first case |
observed only the ester, while in the second case the experiment did not succeed, because pivalic
acid was rapidly obstructing the nozzle.

As an analysis example, the case of the mixture of FA with isopropanol is shown in Figure 5.1.
In the upper panel, the expected spectrum of the ester is drawn in blue, while the predicted spectrum
of the adduct is drawn in red with negative values. From the picture one can see that the transitions

for ester and adduct are absolutely separated from each other.

= |sopropyl formate

M, — |sopropanol — FA

T T (TITT e,

1 | | 1 I
6000 9000 12000 15000 18000 MHz

Figure 5.1. Spectra expected for the mixture FA-isopropyl alcohol in the case of esterification (blue, positive
values) and of formation of the adduct (red, negative values).

After careful scans, only strong transitions of the ester have been identified in the rotational
spectrum, according to the blue spectrum. In the same way, the scans of other alcohols with
carboxylic acids were performed. In tables 5.1 and 5.2, the experimental evidences for the observed

esters or adducts are summarized, respectively.

Table 5.1. Details (one transition example) of the spectra of the esters which have been formed in a supersonic
expansion of binary mixture of carboxylic acids with primary and secondary alcohols. All spectra cover a range of
0.4 MHz. The central frequency (vc) and the number of accumulation cycles (N¢) of each spectrum are given.

HCOOH + CFsCOOH +

HCOOH + HCOOH + HCOOH +
CHaOH — CHaCH0H — (CH3)o.CHOH — CCy-ggﬂé;(alf_(l)r?n)at 'I(Erl_ilfal(t?tl)_'ro;::et [format
Methylformate?® | Ethylformate? Isopropylformate y y

e €

e
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202¢101
transitions of | 250211

413¢4g gauche (upper, vc | transition It is
transition of the | = 14059.25 MHz; | split into two

S05¢—4o4 transition.

It is split into “A”
To7¢—606 and “E” component
transition. lines due to the

“E” species. Ne = 1000) and | tunneling - : .

ve = 16037.30 | trans (lower, v¢ = | components. K;IHZ_' N1393:1825;45 iﬂgem:tlh :o;gf; of

MHz; N = 200. | 10962.45 MHz; | v. = 11836.55 P ' _ 143,36 80 MHZ'
N. = 1000) | MHz; N = 50. ‘|<l° s ’
conformers eT

aThe rotational spectra of methylformate and ethyl formate are available in the literature. 14814

Table 5.2. Details (one transition example) of the spectra of the adducts which have been formed in a supersonic
expansion of binary mixture of carboxylic acids with tertiary alcohols. All spectra cover a range of 0.4 MHz. The
central frequency (v¢) and the number of accumulation cycles (N¢) of each spectrum are given.

HCOOH + HCOOH +

(CH3)3COH —>
FA-TBA adduct

cy-CsH4sCH3;0H —
adduct

41331, transition
ve = 7645.00 MHz;

514¢—443 transition
ve = 8961.95 MHz;

N = 1113. N. = 504.

We tried to interpret the different behavior of tertiary alcohols with chemical dynamics
calculations. All calculations have been performed with a locally modified version of the Gaussian
suite of programs. The computations were carried out with the double-hybrid B2PLYP
functional,[*5-1%2 \where d-functions on hydrogens have been removed. Semiempirical dispersion
contributions were also included into DFT computations by means of the D3 model of Grimme,
leading to B2PLYP-D3 functional.™>3 Full geometry optimizations have been performed for all
minima and transition states checking the nature of the obtained structures by diagonalizing their
Hessians. In the case of complexes, the basis set superposition error (BSSE) has been corrected
using the Counterpoise method.[*5215]

Energies of complexation and esterification have been obtained for the most significant
examples listed above, including zero point corrections and, for the complexes, basis set

superposition errors.[*3% In addition, also the free energy changes at 298 K have been evaluated.
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Scheme 5.1. Energy profile of the multiple chemical process paths for the FA — methanol, FA — ethanol, FA —
isopropanol and FA — tert-butyl alcohol mixtures.

The obtained results are shown graphically in Scheme 5.1 for some of the mixtures
mentioned above. The starting point, with the acid and alcohol molecules separated from each other,
is assumed to be the zero-point energy (of free energy) value. The complete set of data obtained
with the above mentioned calculations are reported in appendix VIII.

It seems that the AG values are the most significant ones in interpreting the experimental
evidences. Their changes in going from the adducts to the ester are close to zero for the tertiary
alcohols, but ca. -3 to -5 kcal/mol for the primary and secondary alcohols.

It is worth noting that the formation of the dimer during the supersonic expansion is not a
simple and linear process. For example, when more than one conformation can exist in the potential
surface, the constituting molecules can reach the thermal quasi-equilibrium as a result of
dissociation and reformation of the dimers in the low-temperature molecular beam. Then, the

conformational enrichment differs from the thermodynamic equilibrium. The same argumentation is
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also suitable for the quasi-equilibrium conditions for the esterification reaction. So, even a small
free energy difference between different esterification reactions can turn out in completely different
reaction advancements.

Moreover, we have to take into account another factor which generally happens in the gas
phase spectroscopic study. The carrier gas (He in our case), is constituting our mixtures, in a
concentration of about 99%. In the supersonic expansion process, its function is to convert the
internal energy of the molecules into the translational kinetic energy, up to supersonic speed. This
effect can cause a conformational relaxation. When the interconversion barrier is smaller than 2kT,
the less stable conformer disappears.[®® Probably this factor has influenced the esterification
processes.

The organic chemists have paid much attentions to the fact that in tertiary alcohols the OH
group is more “protected” than in the alcohols of the other classes, which results in a reduced
propensity to undergo the esterification reaction. Anyway, the step before the esterification should
be the formation of the adduct, as what we detected in the case of tertiary alcohols. This
experimental investigation outlines a sharp cut out of the esterification reaction in going from
primary and secondary to tertiary alcohols. Theoretical molecular dynamics calculations supply an
indication in support of the experimental evidences.

In summary, by mixing primary and secondary alcohols with carboxylic acids just before the
supersonic expansion within pulsed Fourier transform microwave experiments, only the rotational
spectrum of the ester has been observed. However, when formic acid was mixed with tertiary
alcohols, adducts have been formed and their rotational spectra have been easily measured.
Molecular dynamics calculations have been performed to interpret the experimental evidences.
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Appendices

I. Ring puckering splitting in indan

Table Al.1. Experimental transition frequencies (v, MHz) and experimental — calculated values (Av,
kHz) of the parent species of indan.

Interstate transition
J’(Ka’,Ke’)—J"(Ka”,Kc”) | v/01 v/10

vIMHz Av/kHz vIMHz Av/kHz
2(1,1)-1(0,2) 8003.793 -4 8048.536 4
3(1,2)-2(0,2) 11226.988 4 11271.724 -3
2(2,0)-1(1,0) 11711.039 -12 11755.790 7
2(2,1)-1(1,2) 12069.121 -7 12113.875 14
3(2,2)-2(1,2) 15065.870 2 15110.615 4
4(2,2)-3(1,2) 16569.516 16 16614.232 -18
4(2,3)-3(1,3) 18259.194 1 18303.941 -7
Intrastate transition

v/0<—0 v/11
3(1,3)-2(1,2) 7086.771 -2
3(0,3)-2(0,2) 7520.955 3 7520.955 -3
3(2,2)-2(2,1) 7743.734 2 7743.734 -3
3(2,1)-2(2,0) 7966.510 -3 7966.524 7
3(1,2)-2(1,1) 8328.251 -4 8328.263 4
4(1,4)-3(1,3) 9392.648 4 9392.648 -4
4(0,4)-3(0,3) 9806.520 4 9806.520 -4
4(2,3)-3(2,2) 10280.095 -2 10280.106 2
4(3,2)-3(3,1) 10426.292 -3 10426.307 5
4(3,1)-3(3,0) 10456.021 3 10456.021 -3
4(2,2)-3(2,1) 10798.189 -2 10798.200 3
4(1,3)-3(1,2) 11024.926 -3 11024.939 4
5(1,5)-4(1,4) 11662.803 5 11662.803 -5
5(0,5)-4(0,4) 11987.456 3 11987.456 -8
5(2,4)-4(2,3) 12778.806 -3 12778.819 1
5(3,3)-4(3,2) 13056.570 -4 13056.585 3
5(3,2)-4(3,1) 13157.742 -6 13157.759 3




5(1,4)-4(1,3) 13639.103 -3 13639.118 5
5(2,3)-4(2,2) 13694.679 -6 13694.698 6
6(1,6)-5(1,5) 13900.512 7 13900.512 -6
6(0,6)-5(0,5) 14118.865 8 14118.865 5
6(2,5)-5(2,4) 15232.433 0 15232.443 1
6(4,3)-5(4,2) 15678.728 5 15678.746 4
6(3,4)-5(3,3) 15683.130 0 15683.144 5
6(4,2)-5(4,1) 15691.498 -4 15691.515 4
6(3,3)-5(3,2) 15938.998 5 15939.017 6
7(1,7)-6(1,6) 16112.267 8 16112.267 7
6(1,5)-5(1,4) 16137.398 2 16137.412 2
7(0,7)-6(0,6) 16243.781 7 16243.781 -8
6(2,4)-5(2,3) 16588.240 -7 16588.262 8
7(2,6)-6(2,5) 17636.059 0 17636.070 2
8(1,8)-7(1,7) 18305.446 13 18305.446 5
8(0,8)-7(0,7) 18378.964 13 18378.964 5
7(1,6)-6(1,5) 18494.004 -4 18494.016 -4

Table Al.2. Experimental transition frequencies (v, MHz) and experimental — calculated values (Av,
kHz) of the 13C isotopologues of indan.

C(13)-2

v/0<—0 v/11
J(Ka’, Ke¢’)<—J”’(Ka”, Kc”) vIMHz AvikHz | vIMHz Av/kHz
3(1,3)-2(1,2) 6988.134 2 6988.134 0
3(0,3)-2(0,2) 7415.595 2 7415.595 -1
3(1,2)-2(1,1) 8192.013 3 8192.014 -2
4(1,4)-3(1,3) 9264.585 2 9264.585 -1
4(0,4)-3(0,3) 9678.243 1 9678.243 -2
4(1,3)-3(1,2) 10849.076 -1 10849.084 -1
5(1,5)-4(1,4) 11507.069 0 11507.069 -2
5(0,5)-4(0,4) 11838.019 2 11838.019 0
5(1,4)-4(1,3) 13430.006 -2 13430.019 2
13C3

v/0«—0 v/11
J’(Ka’, Ke”)«J”(Ka”, Kc”) vIMHz AvikHz | vIMHz Av/kHz
3(1,3)-2(1,2) 7027.815 0 7027.815 -3
3(0,3)-2(0,2) 7458.639 3 7458.639 -2
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3(1,2)-2(1,1) 8262.903 6 8262.903 -4
4(1,4)-3(1,3) 9314.032 4 9314.032 0
4(0,4)-3(0,3) 9723.632 2 9723.632 -2
4(1,3)-3(1,2) 10937.593 0 10937.605 -1
5(1,5)-4(1,4) 11564.589 1 11564.589 -3
5(0,5)-4(0,4) 11884.816 2 11884.816 -1
5(1,4)-4(1,3) 13529.534 0 13529.549 0
13C4

v/0—0 v/1e1
J(Ka’, Ke”)J"(Ka”, Kc”) vIMHz AvikHz | vIMHz Av/kHz
3(1,3)-2(1,2) 7080.996 1 7080.996 -3
3(0,3)-2(0,2) 7514.945 3 7514.945 -3
3(1,2)-2(1,1) 8325.550 1 8325.563 0
4(1,4)-3(1,3) 9384.458 3 9384.458 -2
4(0,4)-3(0,3) 9796.861 3 9796.861 -2
4(1,3)-3(1,2) 11020.422 -1 11020.440 0
5(1,5)-4(1,4) 11651.973 3 11651.973 -2
5(0,5)-4(0,4) 11974.216 2 11974.216 -2
13C5

v/0<0 v/1e1
J(Ka’, Ke”)J"(Ka”, Kc”) vIMHz AvikHz | vIMHz AvlkHz
3(1,3)-2(1,2) 7048.204 3 7048.204 0
3(0,3)-2(0,2) 7480.472 3 7480.472 -2
3(1,2)-2(1,1) 8296.490 -1 8296.501 -1
4(1,4)-3(1,3) 9339.756 2 9339.756 -2
4(0,4)-3(0,3) 9747.768 3 9747.768 -1
4(1,3)-3(1,2) 10979.832 1 10979.847 1
5(1,5)-4(1,4) 11594.959 1 11594.959 -3
5(0,5)-4(0,4) 11910.963 1 11910.963 -2
5(1,4)-4(1,3) 13577.600 0 13577.614 -1
13C6

v/0«—0 v/1<1
J(Ka’, Ke”)«J”(Ka”, Kc”) vIMHz AvikHz | vIMHz Av/kHz
3(1,3)-2(1,2) 7000.921 3 7000.921 0
3(0,3)-2(0,2) 7429.751 2 7429.751 -3
3(1,2)-2(1,1) 8215.429 7 8215.429 -4
4(1,4)-3(1,3) 9280.512 1 9280.512 -3
4(0,4)-3(0,3) 9693.193 2 9693.193 -2
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4(1,3)-3(1,.2) 10878.380 0 10878393 | 0
5(1,5)-4(1,4) 11525.584 2 11525584 | -2
5(0,5)-4(0,4) 11853.349 2 11853349 | -1
5(1,4)-4(1,3) 13463.093 1 13463.109 |0
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I1. The microwave spectroscopy study of 1,2-dimethoxyethane

Table A2.1. Theoretical structures of 1,2-dimethoxyethane at MP2/6-311++G** level
of theory.

TTT TGT TGG’

alA |b/A |c/A [alA |[b/A |c/A [alA |[b/A |c/A

-2.959 | 0.180 | -0.000 | -2.713 | -0.435 | -0.121 | -2.500 | -0.472 | -0.166
-1.722 | -0.500 | 0.000 | -1.404 | -0.301 | 0.390 | -1.166 | -0.334 | 0.282
-0.638 | 0.407 | 0.000 | -0.716 | 0.760 | -0.237 | -0.612 | 0.899 | -0.135
0.638 | -0.407 | -0.000 | 0.716 | 0.760 | 0.236 | 0.829 | 0.997 | 0.324
1.722 | 0.500 | -0.000 | 1.404 | -0.301 | -0.390 | 1.718 | 0.169 | -0.399
2.959 | -0.180 | 0.000 | 2.713 | -0.435| 0.121 | 1.788 | -1.160 | 0.096
-3.745 | -0.576 | -0.000 | -3.189 | -1.253 | 0.421 | -2.869 | -1.428 | 0.206
-3.065 | 0.811 | 0.892 | -3.297 | 0.484 | 0.027 | -3.134 | 0.336 | 0.224
-3.064 | 0.811 | -0.893 | -2.697 | -0.674 | -1.194 | -2.552 | -0.464 | -1.263
-0.668 | 1.050 | 0.892 | -1.187 | 1.723 | 0.017 | -1.184 | 1.737 | 0.296
-0.668 | 1.050 | -0.891 | -0.732 | 0.641 | -1.330 | -0.646 | 0.981 | -1.232
0.668 | -1.050 | 0.891 | 1.187 | 1.723 | -0.018 | 1.167 | 2.026 | 0.156
0.668 | -1.050 | -0.892 | 0.732 | 0.642 | 1.330 | 0.885 | 0.783 | 1.401
3.745 | 0.576 | 0.000 | 3.189 | -1.253 | -0.420 | 2.571 | -1.660 | -0.475
3.065 | -0.811 | 0.893 | 3.297 | 0.484 | -0.028 | 2.063 | -1.162 | 1.159
3.065 | -0.811 | -0.893 | 2.698 | -0.673 | 1.194 | 0.840 | -1.690 | -0.026

I I| IT| I| I| IT| IT| IT| IT| T|] O O] O] O] O] O

Table A2.1. Experimental transition frequencies of the isomers.

Table A2.1.1. Transitions frequencies measured for the TGT isotopologues.

Parent C1l C2
species

4 3 2 3 2 1 S1 (60218.01
S2  [60216.44
S3 60217.53
S4  60214.53
4 3 1 3 2 2 S1 160220.91
S2  60222.03
S3  60220.42
S4  160223.45
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S2

60218.8

S2

60219.72

S4

60218.8

S1

63194.71

S2

63193.27

S3

63194.26

S4

63191.69

S1

63203.36

S2

63204.32

S3

63202.9

S4

63205.46

S2

63195.6

S4

63196.33

S2

63201.99

S4

63200.79

S1

66167.75

S2

66166.44

S3

66167.31

S4

66164.92

S1

66187.94

S2

66188.84

S3

66187.49

S4

66189.82

S2

66168.78

S4

66169.56

S2

66186.48

S4

66185.13

~N| O O O O

| W W w w

o M b W W

~N| o o1 o1 o1

O N N N DN

N A W)W

Sl

10919.77

S2

10919.72

S3

10919.67

S4

10919.67

S1

10595.16

S2

10595.12

S3

10595.07

S4

10595.07

Sl

12598.94

12523.9651

124441483

S2

12598.89

12523.9102

12444.0991

S3

12598.84

12523.8642

12444.0434
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S4

12598.83

12523.8642

12444.0434

S1

9705.522

9691.9889

0559.4441

S2

9705.475

9691.9298

9559.3975

S3

9705.425

9691.8876

0559.3498

sS4

9705.437

9691.8876

0559.3498

S1

15492.41

15355.9959

15328.9030

S2

15492.36

15355.9394

15328.8577

S3

15492.31

15355.8885

15328.8058

S4

15492.31

15355.8885

15328.8058

S1

0791.943

9775.3733

9647.7399

S2

9791.897

9775.3236

9647.6913

S3

0791.848

9775.2729

9647.6423

S4

0791.848

9775.2729

9647.6423

S1

18343.21

18146.8375

18170.0898

S2

18343.16

18146.7885

18170.0438

S3

18343.11

18146.7389

18169.9952

S4

18343.11

18146.7389

18169.9952

S1

0922.64

9901.4532

0781.3089

S2

0922.593

9901.4053

9781.2659

S3

9922.547

9901.3609

9781.2223

S4

9922.547

9901.3609

0781.2223

S1

16641.68

S2

16641.33

S3

16641.38

S4

16640.68

S1

17502.32

S2

17502.38

S3

17502.03

S4

17502.72

Sl

10098.88

S2

10098.84

S3

10098.79

S4

10098.79

S1

10322.36

S2

10322.31

S3

10322.27

S4

10322.27

Sl

8819.063
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S2 |8819.111

S3  [8819.164

S4 8819.164

S1 [10595.16

S2  [10595.12

S3  |10595.07

S4  (10595.07

S1 [12027.72

S2  |12027.77

S3  |12027.82

S4  12027.82

S1 |10919.77

S2 |10919.72

S3  |10919.67

S4  (10919.67

S1 |15266.11

S2 [15266.16

S3  [15266.21

S4  [15266.21

S1 11299

S2  |11298.96

S3  |11298.91

S4  (11298.91

Table A2.1.2. Transitions frequencies measured for the TGG " isotopologues.

Pare_nt C1 C2 C3 C4
species
J | Ka | Ke | J7| K&’ | K¢
2 0 2 0 1 S1 | 7408.769 7239.6010 | 7389.2391 7377.1435 7306.9517
S2 | 7408.769 | 7239.6010 | 7389.2391 7377.1435 | 7306.9517
S3 | 7408.728 | 7239.5638 | 7389.1991 7377.0991 | 7306.9141
S4 | 7408.728 | 7239.5638 | 7389.1991 7377.0991 | 7306.9141
S5 | 7408.728 | 7239.5638 | 7389.1991 7377.0991 | 7306.9141
2 1 2 1 1 1 S1 | 7097.33
S2 | 7097.335
S3 | 7097.31
S4 | 7097.31
S5 | 7097.31
2 1 1 1 1 0 S1 | 7752.227
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S2 | 7752.227

S3 | 7752.167

S4 | 7752.167

S5 | 7752.167

S1 | 11073.33 | 10822.9320 | 11042.6474 | 11024.3940 | 10919.9021
S2 | 11073.33 | 10822.9320 | 11042.6474 | 11024.3940 | 10919.9021
S3 | 11073.28 | 10822.8772 | 11042.5944 | 11024.3406 | 10919.8489
S4 | 11073.28 | 10822.8772 | 11042.5944 | 11024.3406 | 10919.8489
S5 | 11073.28 | 10822.8772 | 11042.5944 | 11024.3406 | 10919.8489
S1 | 10636.19 | 10401.5314 | 10602.3060 | 10584.6308 | 10484.1134
S2 | 10636.19 | 10401.5314 | 10602.3060 | 10584.6308 | 10484.1134
S3 | 10636.16 | 10401.4993 | 10602.2734 | 10584.5957 | 10484.0815
S4 | 10636.16 | 10401.4993 | 10602.2734 | 10584.5957 | 10484.0815
S5 | 10636.16 | 10401.4993 | 10602.2734 | 10584.5957 | 10484.0815
S1 | 11618.01 | 11342.8127 | 11594.3012 | 11575.7622 | 11465.1429
S2 | 11618.01 | 11342.8127 | 11594.3012 | 11575.7622 | 11465.1429
S3 | 11617.93 | 11342.7313 | 11594.2153 | 11575.6775 | 11465.0596
S4 | 11617.93 | 11342.7313 | 11594.2153 | 11575.6775 | 11465.0596
S5 | 11617.93 | 11342.7313 | 11594.2153 | 11575.6775 | 11465.0596
S1 | 11137.13

S2 | 11137.15

S3 | 111371

S4 | 11137.08

S5 | 11137.13

S1 | 11200.91

S2 | 11200.9

S3 | 11200.83

S4 | 11200.84

S5 | 11200.79

S1 | 14691.58 | 14363.7117 | 14648.1837 | 14623.6609 | 14485.7644
S2 | 14691.58 | 14363.7117 | 14648.1837 | 14623.6609 | 14485.7644
S3 | 14691.51 | 14363.6499 | 14648.1191 | 14623.5970 | 14485.6988
S4 | 14691.51 | 14363.6499 | 14648.1191 | 14623.5970 | 14485.6988
S5 | 14691.51 | 14363.6499 | 14648.1191 | 14623.5970 | 14485.6988
S1 | 14163.95 | 13852.5192 | 14118.1775 | 14094.5669 | 13960.8858
S2 | 14163.95 | 13852.5192 | 14118.1775 | 14094.5669 | 13960.8858
S3 | 14163.91 | 13852.4768 | 14118.1347 | 14094.5244 | 13960.8427
S4 | 14163.91 | 13852.4768 | 14118.1347 | 14094.5244 | 13960.8427
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S5 | 14163.91 | 13852.4768 | 14118.1347 | 14094.5244 | 13960.8427
S1 | 15470.72 | 15105.5197 | 15438.3689 | 15413.5936 | 15266.5077
S2 | 15470.72 | 15105.5197 | 15438.3689 | 15413.5936 | 15266.5077
S3 | 15470.6 15105.4112 | 15438.2547 | 15413.4818 | 15266.3970
S4 | 15470.6 15105.4112 | 15438.2547 | 15413.4818 | 15266.3970
S5 | 15470.6 15105.4112 | 15438.2547 | 15413.4818 | 15266.3970
S1 | 14836.97 | 14496.9848

S2 | 14836.97 | 14496.9848

S3 | 14836.88 | 14496.9128

S4 | 14836.88 | 14496.9128

S5 | 14836.89 | 14496.9128

S1 | 14994.75 | 14641.6086

S2 | 14994.75 | 14641.6086

S3 | 1499466 | 14641.5132

S4 | 14994.66 | 14641.5132

S5 | 1499465 | 14641.5132

S1 | 1825242 | 17851.4515 | 18194.6243 | 18163.7188 | 17993.4341
S2 | 18252.42 | 17851.4515 | 18194.6243 | 18163.7188 | 17993.4341
S3 | 18252.35 | 17851.3829 | 18194.5554 | 18163.6478 | 17993.3671
S4 | 18252.35 | 17851.3829 | 18194.5554 | 18163.6478 | 17993.3671
S5 | 18252.35 | 17851.3829 | 18194.5554 | 18163.6478 | 17993.3671
S1 | 17678.01 | 17290.8546 | 17619.9197 | 17590.3405 | 17423.7459
S2 | 17678.01 | 17290.8546 | 17619.9197 | 17590.3405 | 17423.7459
S3 | 17677.95 | 17290.8069 | 17619.8661 | 17590.2901 | 17423.6944
S4 | 17677.95 | 17290.8069 | 17619.8661 | 17590.2901 | 17423.6944
S5 | 17677.95 | 17290.8069 | 17619.8661 | 17590.2901 | 17423.6944
S1 | 18526.07

S2 | 18526.07

S3 | 18525.97

S4 | 18525.97

S5 | 18525.97

S1 | 8895.322

S2 | 8895.302

S3 | 8895.302

S4 | 8895.29

S5 | 8895.29

S1 | 12935.15

S2 | 12935.14
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S3

12935.09

S4

12935.08

S5

12935.08

S1

14566.24

S2

14566.17

S3

14566.25

S4

14566.24

S5

14566.17

S1

15564.57

S2

15564.56

S3

15564.61

S4

15564.54

S5

15564.61

S1

14085.37

S2

14085.31

S3

14085.42

S4

14085.38

S5

14085.38

S1

16129.3

S2

16129.26

S3

16129.27

S4

16129.22

S5

16129.22

S1

13451.61

S2

13451.56

S3

13451.72

S4

13451.66

S5

13451.66

S1

16960.11

S2

16960.07

S3

16960.03

S4

16959.98

S5

16959.98

S1

8567.873

S2

8567.854

S3

8567.863

S4

8567.854

S5

8567.854
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S1

11952.81

S2

11952.79

S3

11952.81

S4

11952.79

S5

11952.79

S1

15180.24

S2

15180.22

S3

15180.24

S4

15180.22

S5

15180.22

S1

18270.85

S2

18270.83

S3

18270.87

S4

18270.85

S5

18270.85

S1

15548.57

S2

15548.51

S3

15548.54

S4

15548.51

S5

15548.47

S1

14582.24

S2

14582.2

S3

14582.33

S4

14582.24

S5

14582.31

S1

16049.52

S2

16049.46

S3

16049.47

S4

16049.43

S5

16049.42

S1

14165.14

S2

14165.1

S3

14165.21

S4

14165.16

S5

14165.17
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I11. 1-Methylcyclohexanol

Table A3.1. The labels for the geometry description.

Axial

Equatorial

Table A3.2 Geometry of conformer Ag.

Bond lengths/A Angles/° Dihedral angle/°
02C1 1.4391
C3C1 1.5252 C3C102 109.5
C4C1 2.9705 C4C102 99.8 C4C102C3 178.6
C5C1 1.5341 C5C102 109.8 C5C102C3 -122.0
C6C1 1.5288 C6C102 105.1 C6C102C3 119.3
C7C5 1.5308 C7C5C1 112.3 C7C5C102 -61.3
C8C6 1.5309 C8C6C1 112.2 C8C6C102 64.1
H902 0.9638 H902C1 106.9 H902C1C3 59.0
H10C3 1.0950 H10C3C1 110.9 H10C3C102 177.7
H11C3 1.0972 H11C3Cl1 110.5 H11C3C1H10 119.7
H12C3 1.0943 H12C3C1 109.9 H12C3C1H10 -120.6
H13C4 1.0963 H13C4C1 152.2 H13C4C102 2.7
H14C4 1.0999 H14C4C1 100.8 H14C4C102 -177.2
H15C5 1.0997 H15C5C1 108.9 H15C5C102 61.6
H16C5 1.0991 H16C5C1 108.5 H16C5C102 177.4
H17C6 1.0966 H17C6C1 108.3 H17C6C102 -58.5
H18C6 1.0987 H18C6C1 108.1 H18C6C102 -174.9
H19C7 1.0963 H19C7C5 109.3 H19C7C5C1 64.4
H20C7 1.0964 H20C7C5 109.8 H20C7C5C1 -178.1
H21C8 1.0958 H21C8C6 109.1 H21C8C6C1 -64.5
H22C8 1.0964 H22C8C6 109.6 H22C8C6C1 178.1
Table A3.3. Geometry of conformer At.

Bond lengths/A Angles/° Dihedral angle/°
02C1 1.4384
C3C1 1.5204 C3C102 104.6
C4C1 2.9833 C4C102 105.5 C4C102C3 180.0
C5C1 1.5345 C5C102 110.1 C5C102C3 -119.2
CeC1 1.5345 C6C102 110.1 C6C102C3 119.2
C7C5 1.5325 C7C5C1 112.7 C7C5C102 -68.1
C8C6 1.5325 C8C6C1 112.7 C8C6C102 68.1
H902 0.9624 H902C1 107.7 H902C1C3 180.0
H10C3 1.0944 H10C3C1 110.5 H10C3C102 180.0
H11C3 1.0943 H11C3Cl1 109.9 H11C3C1H10 120.3
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H12C3 1.0943 H12C3C1 109.9 H12C3C1H10 -120.3
H13C4 1.0962 H13C4C1 152.5 H13C4C102 0.0
H14C4 1.0991 H14C4C1 100.4 H14C4C102 180.0
H15C5 1.0964 H15C5C1 108.4 H15C5C102 54.8
H16C5 1.0989 H16C5C1 108.4 H16C5C102 171.3
H17C6 1.0964 H17C6C1 108.4 H17C6C102 -54.8
H18C6 1.0989 H18C6C1 108.4 H18C6C102 -171.3
H19C7 1.0998 H19C7C5 110.1 H19C7C5C1 65.7
H20C7 1.0959 H20C7C5 109.7 H20C7C5C1 -178.0
H21C8 | 1.0998 H21C8C6 | 110.1 | H21C8C6CL -65.7
H22C8 | 1.0959 H22C8C6 | 109.7 | H22C8C6CL 178.0
Table A3.4. Geometry of conformer Et.
Bond lengths/A Angles/® Dihedral angle/®
02C1 1.4367
C3C1 1.5234 C3C102 104.1
C4C1 2.9855 C4C102 147.4 C4C102C3 180.0
C5C1 1.5331 C5C102 109.6 C5C102C3 -119.8
C6C1 1.5331 C6C102 109.6 C6C102C3 119.8
C7C5 1.5331 C7C5C1 112.9 C7C5C102 -174.3
C8C6 1.5331 C8C6C1 112.9 C8C6C102 174.3
H902 0.9638 H902C1 107.0 H902C1C3 180.0
H10C3 1.0923 H10C3C1 111.9 H10C3C102 180.0
H11C3 1.0942 H11C3C1 109.5 H11C3C1H10 120.6
H12C3 1.0942 H12C3C1 109.5 H12C3C1H10 -120.6
H13C4 1.0993 H13C4C1 101.0 H13C4C102 0.0
H14C4 1.0962 H14C4C1 152.0 H14C4C102 180.0
H15C5 1.1011 H15C5C1 107.9 H15C5C102 -54.4
H16C5 1.0965 H16C5C1 108.8 H16C5C102 61.4
H17C6 1.1011 H17C6C1 107.9 H17C6C102 54.4
H18C6 1.0965 H18C6C1 108.8 H18C6C102 -61.4
H19C7 1.0962 H19C7C5 109.6 H19C7C5C1 1775
H20C7 1.0974 H20C7C5 109.9 H20C7C5C1 -65.8
H21C8 1.0962 H21C8C6 109.6 H21C8C6C1 -177.5
H22C8 1.0974 H22C8C6 109.9 H22C8C6C1 65.8
Table A3.5. Geometry of conformer Eg.
Bond lengths/A Angles/° Dihedral angle/°
02C1 1.4371
C3C1 1.5283 C3C102 108.8
C4C1 2.9799 C4C102 142.8 C4C102C3 175.8
C5C1 1.5331 C5C102 109.5 C5C102C3 -122.4
C6C1 1.5281 C6C102 104.9 C6C102C3 119.8
C7C5 1.5328 C7C5C1 112.9 C7C5C102 -169.0
C8C6 1.5323 C8C6C1 112.6 C8C6C102 171.6
H902 0.9641 H902C1 107.0 H902C1C3 60.2
H10C3 1.0932 H10C3C1 112.3 H10C3C102 177.6
H11C3 1.0971 H11C3C1 110.0 H11C3C1H10 120.0
H12C3 1.0942 H12C3C1 109.5 H12C3C1H10 -120.9
H13C4 1.0989 H13C4C1 100.9 H13C4C102 4.2
H14C4 1.0963 H14C4C1 152.1 H14C4C102 -175.5
H15C5 1.0979 H15C5C1 107.3 H15C5C102 -48.5
H16C5 1.0994 H16C5C1 109.2 H16C5C102 67.4
H17C6 1.0978 H17C6C1 107.3 H17C6C102 51.2
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H18C6 1.0965 H18C6C1 108.9 H18C6C102 -64.6
H19C7 1.0962 H19C7C5 109.6 H19C7C5C1 177.4
H20C7 1.0975 H20C7C5 110.2 H20C7C5C1 -65.7
H21C8 1.0960 H21C8C6 109.4 H21C8C6C1 -177.5
H22C8 1.0977 H22C8C6 110.2 H22C8C6C1 65.8

Table A.3.6. Experimental transition frequencies (v, MHz) and observed-calculated values (Av, kHz)

of parent species of LMCH: parent species, conformer Ag.

7 . 0* 0
Kt Ko " e VMHz | AvikHz VMHz | AvikHz
Ha-transitions
2(1,1)-1(1,0) 6733.2074 1.4
3(0,3)-2(0,2) 9639.9369 0.4 9639.4747 -0.6
3(1,3)-2(1,2) 9380.0903 0.1 9379.5581 -0.7
3(1,2)-2(1,1) 10081.3649 0.9 10081.2458 -1.9
3(2,2)-2(2,1) 9748.1327 6.0
3(2,1)-2(2,0) 9856.327 -3.2
4(0,4)-3(0,3) 12741.2906 -0.7 12740.5417 2.0
4(1,4)-3(1,3) 12478.9253 1.2 12478.1808 -0.6
4(1,3)-3(1,2) 13404.4632 0.7 13404.2518 0.4
4(2,3)-3(2,2) 12975.8936 -0.8 12975.4864 -3.1
4(2,2)-3(2,1) 13231.9825 -2.3
4(3,1)-3(3,0) 13059.39 -6.8
4(3,2)-3(3,1) 13047.1648 2.0
5(0,5)-4(0,4) 15781.3355 -0.4 15780.2660 -0.1
5(1,5)-4(1,4) 15559.2211 15 15558.2484 1.4
5(1,4)-4(1,3) 16689.4504 1.9 16689.0839 15
5(2,3)-4(2,2) 16649.9524 15
5(2,4)-4(2,3) 16185.4266 -0.7 16184.8813 -0.6
5(3,2)-4(3,1) 16364.22 -3.7
5(3,3)-4(3,2) 16322.2491 -0.3
5(4,1)-4(4,0) 16309.2044 0.5
5(4,2)-4(4,1) 16308.194 -1.4
Lc-transitions
2(1,1)-1(0,2) 8333.4877 0.4 8332.9977 -1.2
2(2,0)-1(1,0) 10858.3825 2.1 10856.6570 0.9
2(2,1)-1(1,1) 11065.1585 0.8 11063.5297 -2.5
3(1,2)-2(0,2) 11943.7568 15 11943.3986 3.9
3(2,1)-2(1,1) 13981.5057 1.2 13979.7113 -0.4
3(2,2)-2(1,2) 14548.9625 -4.9 14547.3858 -11.3
3(3,0)-2(2,0) 17154.1868 35 17151.3841 0.6
3(3,1)-2(2,1) 17179.7969 4.0 17177.0261 -3.3
3(0,3)-2(1,1) 7777.5428 -2.0 7777.3344 6.1
3(3,0)-3(2,2) 7433.7172 -7.0 7431.2596 9.5
3(3,1)-3(2,1) 7295.7943 -0.8 7293.1187 -0.2
4(1,3)-3(0,3) 15708.284 2.3
4(2,2)-3(1,2) 17132.1255 0.2 17130.3918 2.7
4(2,3)-3(1,3) 18144.7697 -1.9 18143.3328 5.0
4(3,2)-4(2,2) 7110.9735 0.4 7108.0763 0.2
4(4,1)-4(3,1) 10322.6253 -2.0 10319.0064 -3.9
4(0,4)-3(1,2) 10437.4709 -1.2 10436.6183 -2.0
4(3,1)-4(2,3) 7517.2249 -1.7 7514.9096 4.5
4(4,0)-4(3,2) 10337.0418 -4.3
5(4,2)-5(3,2) 10266.5993 0.3
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5(5,1)-5(4,1) 13289.4622 -0.8
5(3,2)-5(2,4) 7696.0246 1.6 7694.0100 2.1
5(4,1)-5(3,3) 10324.0021 15
5(5,0)-5(4,2) 13290.608 1.1
6(4,3)-6(3,3) 10149.9467 38
6(5,2)-6(4,2) 13261.8342 0.0
6(4,2)-6(3,4) 10319.627 1.7
6(5,1)-6(4,3) 13267.539 13

Table A3.7. Experimental transition frequencies (v, MHz) and observed-calculated values (Av, kHz)

of parent species of LMCH: parent species, conformer At.

I ke ke —J "Ka” Ke” | v/IMHz I Av/kHz
Ha-transitions
3(0,3)-2(0,2) 0575.2478 -1.8
3(1,2)-2(1,1) 10006.0277 -1.5
3(1,3)-2(1,2) 9317.5823 -0.6
3(2,1)-2(2,0) 0781.4832 -1.3
3(2,2)-2(2,1) 9678.3642 -1.2
4(0,4)-3(0,3) 12659.5894 -0.7
4(1,3)-3(1,2) 13305.9712 -3.1
4(1,4)-3(1,3) 12396.8041 -1.9
4(2,2)-3(2,1) 13128.7026 -3.3
4(2,3)-3(2,2) 12883.9280 -0.7
4(3,1)-3(3,0) 12963.2052 -0.5
4(3,2)-3(3,1) 12951.9173 2.7
5(0,5)-4(0,4) 15683.6557 -1.2
5(1,4)-4(1,3) 16569.9267 -8.2
5(1,5)-4(1,4) 15458.1558 15
5(2,3)-4(2,2) 16518.1452 -5.4
5(2,4)-4(2,3) 16072.1209 -5.3
5(3,2)-4(3,1) 16241.6678 -0.4
5(3,3)-4(3,2) 16202.8780 -2.5
5(4,1)-4(4,0) 16189.9186 4.1
5(4,2)-4(4,1) 16189.0164 3.8
6(1,6)-5(1,5) 18502.2599 6.5
Lc-transitions
2(1,1)-1(0,1) 8299.0116 0.0
2(2,0)-1(1,0) 10868.2935 0.2
2(2,1)-1(1,1) 11072.0750 -0.3
3(1,2)-2(0,2) 11879.1316 7.6
3(2,1)-2(1,1) 13967.4211 7.3
3(2,2)-2(1,2) 14528.3080 1.6
3(3,0)-2(2,0) 17177.4871 0.0
3(3,1D)-2(2,1) 17201.9194 -2.3
4(1,3)-3(0,3) 15609.8513 2.6
4(2,2)-3(1,2) 17090.0928 2.3
4(2,3)-3(1,3) 18094.6562 4.0
5(4,1)-5(3,3) 10455.7482 -3.4
5(4,2)-5(3,2) 10402.7563 -2.9
6(4,2)-6(3,4) 10450.1771 0.3
6(4,3)-6(3,3) 10293.3148 0.0

Table A3.8. Experimental transition frequencies (v, MHz) and observed-calculated values (Av, kHz)

of parent species of LMCH: parent species, conformer Et.
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I ko' ke —J "Ka" Ke” | v/IMHz Av/kHz
Ha-transitions
3(0,3)-2(0,2) 9496.1799 -1.3
3(1,2)-2(1,1) 9885.3397 -0.4
3(1,3)-2(1,2) 9255.8619 -0.8
3(2,1)-2(2,0) 9673.3904 1.2
3(2,2)-2(2,1) 0584.7843 0.5
4(0,4)-3(0,3) 12568.0918 -1.1
4(1,3)-3(1,2) 13150.3699 -4.5
4(1,4)-3(1,3) 12318.1146 -0.2
4(2,2)-3(2,1) 12973.6251 0.3
4(2,3)-3(2,2) 12762.0952 -2.2
4(3,1)-3(3,0) 12829.6958 0.4
4(3,2)-3(3,1) 12820.6265 7.1
5(0,5)-4(0,4) 15585.0230 0.3
5(1,4)-4(1,3) 16385.0558 -5.9
5(1,5)-4(1,4) 15364.6495 1.4
6(0,6)-5(0,5) 18564.8681 15
6(1,6)-5(1,5) 18395.7430 3.7
5(2,3)-4(2,2) 16313.4171 -3.3
5(2,4)-4(2,3) 15924.5007 -5.0
5(3,2)-4(3,1) 16068.7244 2.3
5(3,3)-4(3,2) 16037.4702 -0.3
5(4,1)-4(4,0) 16025.3811 -1.6
Le-transitions
2(1,1)-1(0,1) 8169.8206 4.9
2(2,0)-1(1,0) 10700.6237 -1.2
2(2,1)-1(1,1) 10888.3941 5.5
3(1,2)-2(0,2) 11687.8687 4.0
3(2,1)-2(1,1) 13773.8184 -1.0
3(2,2)-2(1,2) 14293.6412 -4.4
3(3,0)-2(2,0) 16899.4232 -1.8
3(3,1)-2(2,1) 16920.4700 -0.9
4(1,3)-3(0,3) 15342.0609 3.0
4(2,2)-3(1,2) 16862.1056 15
4(2,3)-3(1,3) 17799.8813 1.0
5(1,4)-4(2,2) 12673.3330 1.0

of parent species of LMCH: parent species, conformer Eg.

Table A3.9. Experimental transition frequencies (v, MHz) and observed-calculated values (Av, kHz)

, ., v/0<—0 v/1—1
Vka ke kaker VMAz | AvikHz VMHzZ | AvikHz
Ha-transitions

2(1,1)-1(1,0) 6627.0223 171

3(0,3)-2(0,2) 9530.2200 -8.55 9532.4519 1.94
3(1,2)-2(1,1) 9925.0500 -1.44 9927.3933 3.05
3(1,3)-2(1,2) 9289.0800 -10.15 9291.2558 -0.61
3(2,1)-2(2,0) 9713.2472 10.28 9715.5466 1.68
3(2,2)-2(2,1) 9621.7170 -3.74

4(0,4)-3(0,3) 12610.8416 1.87 12613.7823 0.37
4(1,3)-3(1,2) 13202.2130 0.6 13205.3263 -2.76
4(1,4)-3(1,3) 12361.7143 1.17 12364.5972 -3.33
4(2,2)-3(2,1) 13028.7987 0.65 13031.9020 2.42
4(2,3)-3(2,2) 12810.7454 -1.05 12813.8022 2.99
4(3,1)-3(3,0) 12880.7225 0.19
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4(3,2)-3(3,1) 12871.1233 -0.22

5(0,5)-4(0,4) 15635.8115 1.57 15639.4672 1.27
5(1,4)-4(1,3) 16447.8196 -1.17 16451.7116 -3.74
5(1,5)-4(1,4) 15418.2341 4.49 15421.8398 0.84
5(2,3)-4(2,2) 16384.0357 -1.92 16387.9465 1.59
5(2,4)-4(2,3) 15984.3669 -1.04 15988.1901 -2
5(3,2)-4(3,1) 16133.8098 -1.81 16137.7388 -1.53
5(3,3)-4(3,2) 16100.7820 -3.79 16104.7148 2.48
5(4,1)-4(4,0) 16088.5855 -0.68

6(1,6)-5(1,5) 18459.0285 8.1 18463.3533 -1.25

Le-transitions

2(1,1-1(0,1) 8179.4048 -0.62 8181.3420 -1.49
2(2,0)-1(1,0) 10669.9303 0.65 10672.4594 2.66
2(2,1)-1(1,1) 10859.1232 0.13 10861.7011 -0.93
3(0,3)-2(1,1) 7741.9941 2.53

3(1,2)-2(0,2) 11713.2889 0.49 11716.0748 -0.91
3(2,1)-2(1,1) 13756.1479 1.91 13759.4202 -0.85
3(2,2)-2(1,2) 14278.8751 2.43

3(3,0)-2(2,0) 16844.4718 -1.31 16848.4830 -0.61
3(3,1)-2(2,1) 16866.1943 2.46 16870.2069 -1
4(1,3)-3(0,3) 15385.2738 1.53 15388.9526 -2.22
4(2,2)-3(1,2) 16859.8907 -1.9 16863.9315 1.12
4(2,3)-3(1,3) 17800.5314 2.44 17804.8385 2.55
5(0,5)-4(1,3) 12861.3746 -2.79

5(4,1)-5(3,3) 10072.8805 -5.36

5(4,2)-5(3,2) 10027.8144 -6.75

6(1,5)-5(2,3) 16054.9410 -3.76

6(4,2)-6(3,4) 10066.2199 1.85

6(4,3)-6(3,3) 9932.6056 5.49

Table A3.10. Experimental transition frequencies (v, MHz) and observed-calculated values (Av,

kHz) of deuterated species of 1- Methylcyclohexanol.

Ag

P ko kot s g v/0<—0 v/l<1

ke anke v/MHz Av/kHz v/MHz | AvikHz

La-transitions
3(0,3)-2(0,2) 9522.3825 0.88 9522.7337 5.72
3(1,2)-2(1,1) 9927.4870 -1.39 9927.9653 -4.04
3(1,3)-2(1,2) 9277.6809 0.62 9278.0285 1.87
3(2,2)-2(2,1) 9617.8459 -3.55 9618.2584 -4.45
4(0,4)-3(0,3) 12596.5509 1.39 12597.1380 -0.24
4(1,3)-3(1,2) 13203.8746 -0.71 13204.7679 -1.14
4(1,4)-3(1,3) 12345.4688 2.14 12346.2284 2.19
4(2,2)-3(2,1) 13032.0613 0.6 13032.1052 -0.38
4(2,3)-3(2,2) 12804.6085 -3.24 12805.0065 -4.16
5(0,5)-4(0,4) 15613.7981 -1.73 15614.7489 4.94
5(1,4)-4(1,3) 16447.0105 6.48 16448.5473 -2.35
5(1,5)-4(1,4) 15396.5483 -1.2 15398.1624 -1.77
5(2,3)-4(2,2) 16390.7703 -0.6 16389.8181 1.75
5(2,4)-4(2,3) 15975.1478 0.02 15975.5101 -2.78
Lc-transitions

2(1,1)-1(0,1) 8182.8553 5.65 8182.8553 -3.53
2(2,0)-1(1,0) 10663.0927 0.61 10662.4903 -2.98
2(2,1)-1(1,1) 10855.8768 7.07 10855.3512 6.32
3(1,2)-2(0,2) 11722.7430 -2.99 | 11723.0575 7.33
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3(3,0)-2(2,0) 16835.2209 -1.35 | 16834.3177 -1.4
3(3,1)-2(2,1) 16857.9108 -2.86 | 16856.9744 -2.3
At
J’ka ‘,Kc‘<—J”Ka",Kc” | F'«F” I vIMHz | AvV/IkHz
Ua-transitions
3(0,3)-2(0,2) 4-3 9524.3705 -0.43
3(0,3)-2(0,2) 3-2 9524.3594 -6.4
3(0,3)-2(0,2) 2-1 9524.3848 1.52
3(1,2)-2(1,1) 4-3 9914.7413 4.42
3(1,2)-2(1,1) 3-2 9914.7583 6.41
3(1,2)-2(1,1) 2-1 9914.7413 -2.27
3(1,3)-2(1,2) 4-3 9284.6214 2.01
3(1,3)-2(1,2) 3-2 9284.6317 -0.73
3(1,3)-2(1,2) 2-1 9284.6214 6.98
3(2,1)-2(2,0) 4-3 9703.7058 -0.72
3(2,1)-2(2,0) 3-2 9703.7672 -2.64
3(2,1)-2(2,0) 2-1 9703.6706 -3.21
3(2,2)-2(2,1) 4-3 9614.0364 2.87
3(2,2)-2(2,1) 3-2 9614.0845 -5.14
3(2,2)-2(2,1) 2-1 9614.0040 1.64
4(0,4)-3(0,3) 5-4 12604.7519 -3.17
4(0,4)-3(0,3) 4-3 12604.7519 4.14
4(0,4)-3(0,3) 3-2 12604.7519 -9.34
4(1,3)-3(1,2) 5-4 13189.1578 5.2
4(1,3)-3(1,2) 4-3 13189.1578 0.45
4(1,3)-3(1,2) 3-2 13189.1578 -0.36
4(1,4)-3(1,3) 5-4 12356.2086 1.88
4(1,4)-3(1,3) 4-3 12356.2086 -2.3
4(1,4)-3(1,3) 3-2 12356.2086 1.93
4(2,2)-3(2,1) 5-4 13014.7597 2.17
4(2,2)-3(2,1) 4-3 13014.7900 1.23
4(2,2)-3(2,1) 3-2 13014.7597 9.09
4(2,3)-3(2,2) 5-4 12800.8788 -6.48
4(2,3)-3(2,2) 4-3 12800.9080 0.11
4(2,3)-3(2,2) 3-2 12800.8788 -0.66
5(0,5)-4(0,4) 6-5 15630.0539 4.25
5(0,5)-4(0,4) 5-4 15630.0370 -5
5(0,5)-4(0,4) 4-3 15630.0539 0.61
5(1,4)-4(1,3) 6-5 16432.7518 -1.54
5(1,4)-4(1,3) 5-4 16432.7518 -1.63
5(1,4)-4(1,3) 4-3 16432.7518 -5.68
5(1,5)-4(1,4) 6-5 15411.9520 5.33
5(1,5)-4(1,4) 5-4 15411.9520 4.39
5(1,5)-4(1,4) 4-3 15411.9520 4.71
5(2,3)-4(2,2) 6-5 16365.2670 -2.24
5(2,3)-4(2,2) 5-4 16365.2855 -2.8
5(2,3)-4(2,2) 4-3 16365.2670 -0.66
5(2,4)-4(2,3) 6-5 15972.6417 -2.9
5(2,4)-4(2,3) 5-4 15972.6585 3.34
5(2,4)-4(2,3) 4-3 15972.6417 -1.96
Lc-transitions
2(2,0)-1(1,0) 3-2 10675.0530 1.09
2(2,0)-1(1,0) 2-1 10674.9892 -9.51
22,D)-1(1,1) 3-2 10862.7542 2.47
2(2,1)-1(1,1) 2-1 10862.7542 4.35
3(3,0)-2(2,0) 4-3 16853.1760 -2.07
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3(3,0)-2(2,0) 3-2 16853.1520 -6.37
3(3,0)-2(2,0) 2-1 16853.1760 1.59
3(3,1)-2(2,1) 4-3 16874.4691 1.02
3(3,1)-2(2,1) 3-2 16874.4549 2.01
3(3,1)-2(2,1) 2-1 16874.4691 7.24
3(1,2)-2(0,2) 4-3 11702.8001 5.41
3(1,2)-2(0,2) 3-2 11702.8113 -5.16
3(1,2)-2(0,2) 2-1 11702.8001 2.47
4(2,2)-3(1,2) 5-4 16858.8694 5.93
4(2,2)-3(1,2) 4-3 16858.8418 8.21
4(2,2)-3(1,2) 3-2 16858.8694 -8.55
Et
Vkar ke —J "Ka" ke | F'F" | v/IMHz Av/kHz
La-transitions
3(0,3)-2(0,2) 4-3 9349.7743 1.14
3(0,3)-2(0,2) 3-2 9349.7556 -4.39
3(0,3)-2(0,2) 2-1 9349.7743 7.32
3(1,2)-2(1,1) 4-3 9697.6609 1.92
3(1,2)-2(1,1) 3-2 9697.6461 0.06
3(1,2)-2(1,1) 2-1 9697.6609 -10.22
3(1,3)-2(1,2) 4-3 9126.6107 0.7
3(1,3)-2(1,2) 3-2 9126.5907 -2.31
3(1,3)-2(1,2) 2-1 9126.5907 -8.38
3(2,1)-2(2,0) 4-3 9498.1670 -0.04
3(2,1)-2(2,0) 3-2 9498.1357 2.15
3(2,1)-2(2,0) 2-1 9498.1890 -0.56
3(2,2)-2(2,1) 4-3 9423.9708 -1.89
3(2,2)-2(2,1) 3-2 9423.9348 7.12
3(2,2)-2(2,1) 2-1 9424.0036 5.91
4(0,4)-3(0,3) 5-4 12386.9405 0.29
4(0,4)-3(0,3) 4-3 12386.9189 -6.07
4(0,4)-3(0,3) 3-2 12386.9405 2.47
4(1,3)-3(1,2) 5-4 12905.3491 -0.16
4(1,3)-3(1,2) 4-3 12905.3397 -0.92
4(1,3)-3(1,2) 3-2 12905.3491 -4.62
4(1,4)-3(1,3) 5-4 12149.3667 0.6
4(1,4)-3(1,3) 4-3 12149.3568 0.98
4(1,4)-3(1,3) 3-2 12149.3568 -2.76
4(2,2)-3(2,1) 5-4 12728.8626 0.33
4(2,2)-3(2,1) 4-3 12728.8626 7.12
4(2,2)-3(2,1) 3-2 12728.8626 -3.19
4(2,3)-3(2,2) 5-4 12550.5885 4.21
4(2,3)-3(2,2) 4-3 12550.5627 -0.63
4(2,3)-3(2,2) 3-2 12550.5885 -1.18
4(3,1)-3(3,0) 5-4 12606.6975 8.94
4(3,1)-3(3,0) 4-3 12606.6494 -2.02
4(3,1)-3(3,0) 3-2 12606.6975 -6.27
4(3,2)-3(3,1) 5-4 12599.7169 7.9
4(3,2)-3(3,1) 4-3 12599.6685 -2.18
4(3,2)-3(3,1) 3-2 12599.7169 -7.58
5(0,5)-4(0,4) 6-5 15374.8491 3.25
5(0,5)-4(0,4) 5-4 15374.8277 -2.65
5(0,5)-4(0,4) 4-3 15374.8491 4.42
5(1,4)-4(1,3) 6-5 16088.1973 -0.65
5(1,4)-4(1,3) 5-4 16088.1886 -0.85
5(1,4)-4(1,3) 4-3 16088.1973 -3.21
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5(1,5)-4(1,4) 6-5 15158.5932 2.26
5(1,5)-4(1,4) 5-4 15158.5851 2.08
5(1,5)-4(1,4) 4-3 15158.5851 -1.59
5(2,3)-4(2,2) 6-5 15995.9898 4.24
5(2,3)-4(2,2) 5-4 15995.9898 2.53
5(2,3)-4(2,2) 4-3 15995.9898 3.93
5(2,4)-4(2,3) 6-5 15664.7331 2.26
5(2,4)-4(2,3) 5-4 15664.7169 -0.96
5(2,4)-4(2,3) 4-3 15664.7331 0.74
5(3,2)-4(3,1) 6-5 15784.0603 0.21
5(3,2)-4(3,1) 5-4 15784.0439 0.47
5(3,2)-4(3,1) 4-3 15784.0603 -4.46
5(3,3)-4(3,2) 6-5 15759.9657 0.75
5(3,3)-4(3,2) 5-4 15759.9480 2.25
5(3,3)-4(3,2) 4-3 15759.9657 -4.35

Le-transitions
2(1,1)-1(0,1) 3-2 8011.8064 1.84
2(2,0)-1(1,0) 2-1 10535.2857 4.57
2(2,0)-1(1,0) 3-2 10535.3076 2.44
2(2,1)-1(1,1) 3-2 10707.1805 -1.82
2(2,1)-1(1,1) 2-1 10707.2611 -0.78
3(3,0)-2(2,0) 4-3 16632.8313 2.67
3(3,0)-2(2,0) 3-2 16632.8313 -5.77
3(3,0)-2(2,0) 2-1 16632.8313 -5.18

Eg
7 . v/0<—0 v/1<1
Ka ke ) "Ka" K" VIMHz [ AvikHz VMHZ | AvikHz

La-transitions
3(0,3)-2(0,2) 9323.5089 -0.65 9324.0654 -0.72
3(1,2)-2(1,1) 0698.4878 -3.29 9699.1617 -2.78
3(1,3)-2(1,2) 9088.2783 0.78 9088.8270 0.81
3(2,2)-2(2,1) 9406.6607 0.67 9407.3284 2.28
4(0,4)-3(0,3) 12343.0562 -1.11 12343.7625 -1.98
4(1,3)-3(1,2) 12903.2311 0.77 12904.1159 -0.43
4(1,4)-3(1,3) 12096.0153 3.61 12096.7429 3.36
4(2,2)-3(2,1) 12724.7986 -2.56 12725.8264 1.6
4(2,3)-3(2,2) 12525.6934 -1.62 12526.6398 -8.3
4(3,1)-3(3,0) 12588.8616 -7.88 12589.9297 2.7
4(3,2)-3(3,1) 12580.6366 0.3 12581.6876 0.17
5(0,5)-4(0,4) 15309.5120 2.09 15310.3712 3.2
5(1,4)-4(1,3) 16079.7426 2.59 16080.8274 4.54
5(1,5)-4(1,4) 15088.8246 1.06 15089.7371 4.03
5(2,3)-4(2,2) 15998.4100 -5.89 15999.7473 1.17
5(2,4)-4(2,3) 15630.7444 3.81 15632.0945 1.68
5(3,2)-4(3,1) 15765.3889 0.38 15766.7150 -6.16
5(3,3)-4(3,2) 15737.0056 -2.68 15738.3203 -1.1
6(1,6)-5(1,5) 18066.8487 -0.07 18067.9481 -4.57

Uc-transitions
2(2,0)-1(1,0) 10593.4172 2.33 10592.9365 1.41
2(2,1)-1(1,1) 10776.1186 -1.39 10775.6718 1.28
3(1,2)-2(0,2) 11493.1437 5.22 11493.5954 -8.07
3(2,1)-2(1,1) 13608.2613 0.24 13608.0416 1.88
3(3,0)-2(2,0) 16737.9192 -1.12 16737.0889 0.12
3(3,1)-2(2,1) 16757.6959 -5.04 16756.8779 -2.36
4(1,3)-3(0,3) 15072.8624 3.14 15073.6598 6.12
4(2,2)-3(1,2) 16634.5726 1.47 16634.7002 0.16
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| 4(2,3)-3(1,3) | 17552.9444 | 4.22 | 17553.1928 | -0.47 |

Table A3.11. Description of the structural relaxations taken into account in the flexible model

calculations.

a) Axial species

vp(10)=180.-2.3*sin(xpi)
V1(4)=98.4+3.*(1.-cos(xpi))
V1(5)=107.3+2.6*sin(xpi)
V1(6)=107.3-2.6*sin(xpi)
Vp(8)=61.+4.*(1.-cos(xpi))
Vp(7)=-61.-4.%(1.-cos(xpi))
V1(3)=110.1-3.*(1.-cos(xpi))
Vr(4)=2.9673+0.008*(1.-cos(xpi))
Vp(16)=178.1-3.5*(1.-cos(xpi))
Vp(18)=-178.1+3.5*(1.-cos(xpi))
Vp(15)=61.4-3.5*(1.-cos(xpi))
Vp(17)=-61.4+3.5*(1.-cos(xpi))

b) Equatorial species
V1(4)=141.8+2.8*(1.-cos(xpi))
Vp(4)=180.-2.5*sin(xpi)
V1(5)=107.3+2.6*sin(xpi)
V1(6)=107.3-2.6*sin(xpi)
Vp(8)=169.0+2.6*(1.-cos(xpi))
Vp(7)=-169.0-2.6*(1.-cos(xpi))
V1(3)=109.6+-2.3*(1.-cos(xpi))
vp(10)=180.+2.3*sin(xpi)
Vp(16)=66.8-2.7*(1.-cos(xpi))
Vp(18)=-66.8+2.7*(1.-cos(xpi))
V/p(15)=-48.5-2.7*(1.-cos(xpi))
Vp(17)=48.5+2.7*(1.-cos(xpi))
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V. Formic Acid-Dimethylether

Table A4.1. Experimental transition frequencies (v ,MHz) and observed — calculated values (Av,
kHz) of HCOOH-O(CHz3): (parent species)

J’ Ka Kc J” Ka Kc v/IMHz Av/KHz
2 1 2 1 1 1 7249.925 -6.2
2 0 2 1 0 1 7266.344 -0.7
2 1 1 1 1 0 7282.836 7.7
3 1 3 2 1 2 10874.73 -4.9
3 0 3 2 0 2 10899.24 -1.1
3 2 2 2 2 1 10899.3 -5.3
3 2 1 2 2 0 10899.59 0.6
3 1 2 2 1 1 10924.08 4.3
4 1 4 3 1 3 14499.34 1
4 0 4 3 0 3 14531.81 2.1
4 2 3 3 2 2 14532.11 6.9
4 2 2 3 2 1 14532.8 -0.7
4 1 3 3 1 2 14565.14 2.9
5 1 5 4 1 4 18123.7 9
5 0 5 4 0 4 18163.94 -8.6
5 2 4 4 2 3 18164.65 3.2
5 2 3 4 2 2 18166.04 5.7
5 4 2 4 4 1 18164.2 2.5
5 4 1 4 4 0 18164.2 2.5
5 3 3 4 3 2 18164.74 -7.9
5 3 2 4 3 1 18164.74 -12.7
5 1 4 4 1 3 18205.93 -4.3

Table A4.2. Experimental transition frequencies (v ,MHz) and observed — calculated values (4v,
kHz) of HCOOH-*CH30OCHs.

J’ Ka’ Kc J” Ka” Kc vIMHz Av/KHz
2 1 2 1 1 1 7171.575 -5.8
2 0 2 1 0 1 7180.245 3.9
2 1 1 1 1 0 7188.889 -0.5
3 1 3 2 1 2 10757.23 -8.4
3 0 3 2 0 2 10770.2 4.3
3 1 2 2 1 1 10783.2 2.4
4 0 4 3 0 3 14359.96 5
5 1 5 4 1 4 17928.03 7.4
5 0 5 4 0 4 17949.44 -8.1
5 1 4 4 1 3 17971.29 -1.3

Table A4.3. Experimental transition frequencies (v ,MHz) and observed — calculated values (4v,
kHz) of H*COOH-CH30CHs.

J’ Ka’ Kc’ J” Ka” Kc” vIMHz Av/KHz
2 1 2 1 1 1 7152.913 -2.4

2 0 2 1 0 1 7168.867 3

2 1 1 1 1 0 7184.883 8.3

3 1 3 2 1 2 10729.21 -85

3 0 3 2 0 2 10753.03 -2.3

3 1 2 2 1 1 10777.16 2.7

4 0 4 3 0 3 14336.89 0.3

113



5 1 5 4 1 4 17881.21 5.9
5 0 5 4 0 4 17920.32 0.1
5 1 4 4 1 3 17961.09 -5.1

Table A4.4. Experimental transition frequencies (v ,MHz) and observed — calculated values (4v,

kHz) of HCOOD-CH3OCHa.

J’ Ka’ Kc’ J” Ka” Kc” vIMHz Av/KHz
2 0 2 1 0 1 7248.354 -6.4
2 1 1 1 1 0 7270.392 -13.5
3 1 3 2 1 2 10839.52 -7.8
3 0 3 2 0 2 10872.14 -54
3 1 2 2 1 1 10905.41 -6.6
4 1 4 3 1 3 14452.36 2.1
4 0 4 3 0 3 14495.45 0.1
4 1 3 3 1 2 14540.18 0.1
5 1 5 4 1 4 18064.88 5.5
5 0 5 4 0 4 18118.12 -3.3
5 1 4 4 1 3 18174.64 5.8
3 2 2 2 2 1 10872.4 1.6
3 2 1 2 2 0 10872.86 -8.4
4 2 3 3 2 2 14496.19 -0.6
4 2 2 3 2 1 14497.38 -0.7
5 2 4 4 2 3 18119.7 5
5 2 3 4 2 2 18122.08 15.2

Table A4.5. Experimental transition frequencies (v ,MHz) and observed — calculated values (4v,

kHz) of DCOOH-CH30CH3.

J’ Ka’ Kc’ F’ J” Ka” Kc” F” vIMHz Av/KHz
2 0 2 2 1 0 1 1 7034.117 -2.8
2 1 1 1 1 1 0 0 7049.545 1
2 1 1 3 1 1 0 2 7049.61 12.6
2 1 1 2 1 1 0 1 7049.644 -4
2 1 2 3 1 1 1 2 7018.677 2.6
2 1 2 2 1 1 1 1 7018.727 15
3 0 3 4 2 0 2 3 10550.94 0.6
3 0 3 3 2 0 2 2 10550.95 141
3 0 3 2 2 0 2 1 10550.95 6
3 1 3 4 2 1 2 3 10527.88 -0.3
3 1 3 2 2 1 2 1 10527.88 -1
3 1 3 3 2 1 2 2 10527.9 6.6
3 1 2 4 2 1 1 3 10574.25 -3.2
3 1 2 2 2 1 1 1 10574.25 -3.1
3 1 2 3 2 1 1 2 10574.27 -0.2
3 2 2 4 2 2 1 3 10550.93 -19.4
4 0 4 5 3 0 3 4 14067.46 -1.3
4 0 4 4 3 0 3 3 14067.46 -2.5
4 0 4 3 3 0 3 2 14067.46 -0.2
4 1 3 5 3 1 2 4 14098.74 0.5
4 1 3 3 3 1 2 2 14098.74 6.3
4 1 3 4 3 1 2 3 14098.74 1.8
4 1 4 5 3 1 3 4 14036.92 4
4 1 4 3 3 1 3 2 14036.92 1.6
4 1 4 4 3 1 3 3 14036.92 -2.6
4 2 2 5 3 2 1 4 14068.29 -5.3
4 2 2 4 3 2 1 3 14068.31 -4.7
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5 0 5 6 4 0 4 5 17583.6 3.1
5 0 5 5 4 0 4 4 17583.6 2.2
5 0 5 4 4 0 4 3 17583.6 0.3
5 1 4 6 4 1 3 5 17622.98 3.3
5 1 4 5 4 1 3 4 17622.98 -0.2
5 1 5 6 4 1 4 5 17545.72 2.3
5 1 5 4 4 1 4 3 17545.72 0.4
5 1 5 5 4 1 4 4 17545.72 -1.3
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V. Formic Acid and Cyclobutanone

Table A5.1. Measured line frequencies (v/MHz) and observed-calculated values (Av/ikHz) of

HCOOH-CBU.

N J K | K" | v | J Ka" | Ke V" v/MHz Av/kHz
1 4 0 4 1 3 0 3 1 7279.7897 -5.3
2 4 0 4 0 3 0 3 0 7278.5599 3.4
3 4 1 4 1 3 1 3 1 7017.0642 1.8
4 4 1 4 0 3 1 3 0 7026.9827 8.0
5 4 1 3 1 3 1 2 1 7608.7788 -1.4
6 4 1 3 0 3 1 2 0 7619.3977 -4.4
7 4 2 2 1 3 2 1 1 7373.0216 -6.4
8 4 2 2 0 3 2 1 0 7371.8964 0.8
9 4 2 3 1 3 2 2 1 7324.9138 -55
10 4 2 3 0 3 2 2 0 7323.7302 4.4
11 5 0 5 1 4 0 4 1 9064.1524 -2.4
12 5 0 5 0 4 0 4 0 9062.5619 4.9
13 5 1 5 1 4 1 4 1 8780.1124 -74
14 5 1 5 0 4 1 4 0 8775.0086 6.1
15 5 1 4 1 4 1 3 1 9501.0683 -2.7
16 5 1 4 0 4 1 3 0 9496.8392 54
17 5 2 4 1 4 2 3 1 9150.1847 -4.8
18 5 2 4 0 4 2 3 0 9148.5579 3.3
19 5 2 3 1 4 2 2 1 9245.4086 -4.0
20 5 2 3 0 4 2 2 0 9243.9018 3.3
21 6 0 6 1 5 0 5 1 10826.8385 -0.4
22 6 0 6 0 5 0 5 0 10824.8584 3.1
23 6 1 6 1 5 1 5 1 10520.7594 -5.4
24 6 1 6 0 5 1 5 0 10517.8301 3.9
25 6 1 5 1 5 1 4 1 11386.1088 -0.6
26 6 1 5 0 5 1 4 0 11384.2211 2.0
27 6 2 5 1 5 2 4 1 10971.7377 -6.1
28 6 2 5 0 5 2 4 0 10969.2396 6.3
29 6 2 4 0 5 2 3 0 11132.9333 0.2
30 6 2 4 1 5 2 3 1 11135.2304 -5.8
31 7 0 7 1 6 0 6 1 12566.5864 2.5
32 7 0 7 0 6 0 6 0 12564.1892 1.0
33 7 1 7 1 6 1 6 1 12257.8812 1.1
34 7 1 7 0 6 1 6 0 12254.9125 2.7
35 7 1 6 1 6 1 5 1 13261.8654 -1.3
36 7 1 6 0 6 1 5 0 13260.1086 -15
37 7 2 6 1 6 2 5 1 12789.9384 -2.7
38 7 2 6 0 6 2 5 0 12784.8966 4.4
39 7 2 5 0 6 2 4 0 13038.2176 2.0
40 7 2 5 1 6 2 4 1 13042.9435 0.9
41 8 1 8 1 7 1 7 1 13989.2216 3.7
42 8 1 8 0 7 1 7 0 13985.9480 0.3
43 8 1 7 1 7 1 6 1 15126.0221 2.7
44 8 1 7 0 7 1 6 0 15124.1189 4.1
45 8 2 6 1 7 2 5 1 14966.6261 0.8
46 8 2 6 0 7 2 5 0 14944.1480 -4.5
47 8 2 7 0 7 2 6 0 14594.7261 2.2
48 8 2 7 1 7 2 6 1 14617.6611 2.3
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49 9 0 9 1 8 0 8 1 15983.5382 5.0
50 9 0 9 0 8 0 8 0 15980.2385 -6.1
51 9 1 9 1 8 1 8 1 15714.5178 4.8
52 9 1 9 0 8 1 8 0 15710.8593 =715
53 9 1 8 1 8 1 7 1 16975.9494 4.8
54 9 1 8 0 8 1 7 0 16973.8181 -5.7
55 9 2 8 1 8 2 7 1 16350.4797 0.7
56 9 2 8 0 8 2 7 0 16398.0087 -2.4
57 9 2 7 0 8 2 6 0 16950.2037 -15
58 9 2 7 1 8 2 6 1 16902.0546 4.9
59 10 0 10 1 9 0 9 1 17668.7085 12.0
60 10 0 10 | O 9 0 9 0 17664.9263 -10.7
61 10 1 10 1 9 1 9 1 17433.8730 9.5
62 10 1 10 | O 9 1 9 0 17429.7979 -12.0
63 3 1 3 1 2 0 2 1 8302.5384 -10.6
64 3 1 3 0 2 0 2 0 8297.6474 3.7
65 4 1 4 1 3 0 3 1 9842.7974 -3.0
66 4 1 4 0 3 0 3 0 9848.7145 3.5
67 5 1 5 1 4 0 4 1 11343.1152 -9.9
68 5 1 5 0 4 0 4 0 11345.1613 43
69 6 1 6 1 5 0 5 1 12799.7275 -7.6
70 6 1 6 0 5 0 5 0 12800.4374 11.1
71 6 0 6 1 5 1 5 1 8547.8685 -0.1
72 6 0 6 0 5 1 5 0 8542.2551 -0.2
73 7 0 7 1 6 1 6 1 10593.6900 2.3
74 7 0 7 0 6 1 6 0 10588.6119 -5.4
75 3 1 2 1 2 0 2 0 10292.3525 -4.3
76 3 1 2 0 2 0 2 1 8041.2570 -0.7
77 4 1 3 1 3 0 3 0 12425.2303 0.8
78 4 1 3 0 3 0 3 1 10183.8584 9.6
79 2 2 1 0 1 1 0 0 13299.2176 3.9
80 2 2 1 1 1 1 0 1 13297.3366 3.2
81 2 2 0 0 1 1 1 0 13449.1731 1.4
82 2 2 0 1 1 1 1 1 13447.1083 4.4
83 2 2 1 0 1 1 1 1 12321.9640 -5.7
84 2 2 0 0 1 1 0 1 12181.8855 -7.2

Table A5.2. Measured line frequencies (vVMHz) and observed-calculated values (Av/ikHz) of

DCOOH-CBU.
N J Ka | K | v | J" | K" | K" | v" v/MHz Av/kHz
1 4 0 4 1 3 0 3 1 7096.5666 -3.0
2 4 0 4 0 3 0 3 0 7095.4035 6.0
3 4 1 4 1 3 1 3 1 6844.4701 -1.4
4 4 1 4 0 3 1 3 0 6853.8341 2.8
5 4 1 3 1 3 1 2 1 7408.2407 4.1
6 4 1 3 0 3 1 2 0 7418.2460 -3.4
7 5 0 5 1 4 0 4 1 8838.3997 -2.2
8 5 0 5 0 4 0 4 0 8836.8973 4.9
9 5 1 B 1 4 1 4 1 8564.4200 -7.1
10 5 1 5 0 4 1 4 0 8559.3704 52
11 5 1 4 1 4 1 3 1 9251.3639 -1.1
12 5 1 4 0 4 1 3 0 9247.1122 -0.4
13 5 2 4 1 4 2 3 1 8916.3803 -4.9
14 5 2 4 0 4 2 3 0 8914.8548 3.7
15 5 2 3 1 4 2 2 1 9002.7076 -2.9
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16 5 2 3 0 4 2 2 0 9001.2854 2.5
17 6 0 6 1 5 0 5 1 10560.3784 -4.1
18 6 0 6 0 5 0 5 0 10558.5161 44
19 6 1 6 1 5 1 5 1 10262.9303 -6.2
20 6 1 6 0 5 1 5 0 10260.1505 6.1
21 6 1 5 1 5 1 4 1 11087.9781 1.7
22 6 1 5 0 5 1 4 0 11086.1464 -2.1
23 7 0 7 1 6 0 6 1 12261.1035 0.2
24 7 0 7 0 6 0 6 0 12258.8492 1.6
25 7 1 7 1 6 1 6 1 11958.4514 -14
26 7 1 7 0 6 1 6 0 11955.6587 3.9
27 7 1 6 1 6 1 5 1 12916.2732 3.0
28 7 1 6 0 6 1 5 0 12914.5808 -1.8
29 9 0 9 1 8 0 8 1 15603.0404 7.2
30 9 0 9 0 8 0 8 0 15599.9425 -2.3
31 9 1 9 1 8 1 8 1 15333.2655 7.6
32 9 1 9 0 8 1 8 0 15329.8211 -4.8
33 9 1 8 1 8 1 7 1 16539.4154 7.7
34 9 1 8 0 8 1 7 0 16537.3740 -7.8
35 10 0 10 | 1 9 0 9 1 17250.8947 2.6
36 10 0 10 | O 9 0 9 0 17247.3539 | -10.1
37 10 1 10 | 1 9 1 9 1 17012.2929 | 11.0
38 10 1 10 | O 9 1 9 0 17008.4604 -8.4
39 3 1 3 1 2 0 2 1 8192.4925 0.9
40 3 1 3 0 2 0 2 0 8188.1869 -4.3
41 4 1 4 1 3 0 3 1 9699.1692 3.3
42 4 1 4 0 3 0 3 0 9705.0794 -2.3
43 5 1 5 1 4 0 4 1 11167.0127 | -10.6
44 5 1 5 0 4 0 4 0 11169.0557 6.3
45 6 1 6 1 5 0 5 1 12591.5526 -5.3
46 6 1 6 0 5 0 5 0 12592.3098 8.4
47 6 0 6 1 5 1 5 1 8231.7545 -6.6
48 6 0 6 0 5 1 5 0 8226.3572 2.5
49 7 0 7 1 6 1 6 1 10229.9241 -3.8
50 7 0 7 0 6 1 6 0 10225.0630 5.0
51 3 1 2 1 2 0 2 0 10103.5147 4.3
52 3 1 2 0 2 0 2 1 7929.4514 -4.3
53 4 1 3 1 3 0 3 0 12174.8025 -3.8
54 4 1 3 0 3 0 3 1 10009.9125 4.7

Table A5.3. Measured line frequencies (v/MHz) and observed-calculated

values (Av/kHz) of

HCOOD-CBU.
N J K | K| vl "] K K| v v/IMHz Av/kHz
1 4 0 4 1 3 0 3 1 7240.6720 -6.0
2 4 0 4 0 3 0 3 0 7239.3814 0.7
3 4 1 4 1 3 1 3 1 6977.1175 5.2
4 4 1 4 0 3 1 3 0 6988.0793 6.7
5 4 1 3 1 3 1 2 1 7570.0873 -1.7
6 4 1 3 0 3 1 2 0 7581.7734 -6.6
7 4 2 2 1 3 2 1 1 7334.7673 3.8
8 4 2 2 0 3 2 1 0 7333.5878 | 104
9 4 2 3 1 3 2 2 1 7286.2186 1.3
10 4 2 3 0 3 2 2 0 7284.9803 | 104
11 5 0 5 1 4 0 4 1 9014.9450 -5.2
12 5 0 5 0 4 0 4 0 9013.2831 4.5
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13 5 1 5 1 4 1 4 1 8732.8518 -6.6
14 5 1 5 0 4 1 4 0 8726.3019 3.0
15 5 1 4 1 4 1 3 1 9452.6176 2.7
16 5 1 4 0 4 1 3 0 9446.9658 4.1
17 5 2 4 1 4 2 3 1 9101.7470 -94
18 5 2 4 0 4 2 3 0 9100.0595 -0.3
19 5 2 3 1 4 2 2 1 9197.8209 -9.6
20 5 2 3 0 4 2 2 0 9196.2569 1.5
21 6 0 6 1 5 0 5 1 10767.3934 -1.0
22 6 0 6 0 5 0 5 0 10765.3254 3.6
23 6 1 6 1 5 1 5 1 10462.4631 -4.3
24 6 1 6 0 5 1 5 0 10459.2894 7.1
25 6 1 5 1 5 1 4 1 11327.8150 1.4
26 6 1 5 0 5 1 4 0 11325.7118 3.3
27 6 2 5 1 5 2 4 1 10913.5231 -5.5
28 6 2 5 0 5 2 4 0 10910.9671 14
29 6 2 4 0 5 2 3 0 11076.0979 2.5
30 6 2 4 1 5 2 3 1 11078.4445 -5.3
31 7 0 7 1 6 0 6 1 12496.7878 -0.9
32 7 0 7 0 6 0 6 0 12494.2924 4.1
33 7 1 7 1 6 1 6 1 12189.6260 2.0
34 7 1 7 0 6 1 6 0 12186.4884 0.0
35 7 1 6 1 6 1 5 1 13193.6314 1.0
36 7 1 6 0 6 1 5 0 13191.7407 -4.8
37 7 2 6 1 6 2 5 1 12721.7689 -0.7
38 7 2 6 0 6 2 5 0 12716.8082 -0.4
39 7 2 5 0 6 2 4 0 12972.3787 -2.1
40 7 2 5 1 6 2 4 1 12977.0177 -0.1
41 8 1 8 1 7 1 7 1 13911.0488 4.5
42 8 1 8 0 7 1 7 0 13907.6116 -4.7
43 8 1 7 1 7 1 6 1 15047.7112 0.4
44 8 1 7 0 7 1 6 0 15045.6991 -0.1
45 8 2 6 1 7 2 5 1 14891.5405 -2.9
46 8 2 6 0 7 2 5 0 14872.5905 -4.3
47 8 2 7 0 7 2 6 0 14516.7717 0.4
48 8 2 7 1 7 2 6 1 14536.1917 5.9
49 9 0 9 1 8 0 8 1 15893.0466 7.6
50 9 0 9 0 8 0 8 0 15889.6060 -6.2
51 9 1 9 1 8 1 8 1 15626.4200 7.4
52 9 1 9 0 8 1 8 0 15622.5911 -94
53 9 1 8 1 8 1 7 1 16887.4043 6.0
54 9 1 8 0 8 1 7 0 16885.1519 -71.5
55 9 2 8 1 8 2 7 1 16261.7211 2.6
56 9 2 8 0 8 2 7 0 16310.1263 -3.2
57 9 2 7 0 8 2 6 0 16866.7305 2.3
58 9 2 7 1 8 2 6 1 16817.6915 3.8
59 4 1 4 1 3 0 3 1 9774.4162 -4.9
60 4 1 4 0 3 0 3 0 9782.0535 0.5
61 5 1 5 1 4 0 4 1 11266.5972 -4.3
62 5 1 5 0 4 0 4 0 11268.9754 4.2
63 6 1 6 1 5 0 5 1 12714.1154 -3.2
64 6 1 6 0 5 0 5 0 12714.9757 0.8
65 6 0 6 1 5 1 5 1 8515.7388 -4.3
66 6 0 6 0 5 1 5 0 8509.6303 1.0
67 7 0 7 1 6 1 6 1 10550.0638 -0.6
68 7 0 7 0 6 1 6 0 10544.6347 -0.6
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69 4 1 3 1 3 0 3 0 12416.6010 1.9
70 4 1 3 0 3 0 3 1 10061.7668 0.8
71 2 2 1 0 1 1 0 0 13196.3426 1.6
72 2 2 1 1 1 1 0 1 13194.4037 1.9
73 2 2 0 0 1 1 1 0 13346.3847 4.1
74 2 2 0 1 1 1 1 1 | 13344.2574 0.7

Table A5.4. B3LYP-D3/6-311++G(d,p) cartesian coordinates of the HCOOH-CBU atoms in the
principal axes of inertia.

ATOM alA b/ A clA
C 2.7146 0.3856 -0.0477
0 1.9302 1.2197 -0.4327
0 2.4242 -0.8644 0.2959
0 -0.2479 -1.3883 -0.0700
C -1.1143 -0.5510 0.0203
C -2.5820 -0.5312 -0.3943
C -2.6426 0.9556 0.0830
C -1.1539 0.8774 0.5468
H 3.7927 0.5710 0.0684
H 1.4554 -1.0366 0.1813
H -2.7418 -0.7167 -1.4594
H -3.1933 -1.2379 0.1738
H -2.8133 1.6685 -0.7230
H -3.3598 1.1446 0.8810
H -0.4315 1.5322 0.0557
H -0.9881 0.9368 1.6265

Table A5.5. B3LYP-D3/6-311++G(d,p) cartesian coordinates of the transition state of the cluster
HCOOH-CBU in the principal axes of inertia.

ATOM alA b/A clA
-2.7529 0.3591

0
) -2.4575 -0.936 0
) -1.9581 1.2686 0
H -1.4748 -1.0601 0
H -3.8438 0.5014 0
) 0.2567 -1.3701 0
C 1.1238 -0.5285 0
C 1.1311 0.9954 0
C 2.6911 0.9411 0
C 2.6463 -0.6206 0
H 3.1543 1.3733 0.8865
H 3.154 1.3732 -0.8866
H 3.0496 -1.1185 0.8859
H 3.0493 -1.1179 -0.8863
H 0.6467 1.4318 0.8758
H 0.648 1.4302 -0.8773
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VI Indan-CHF3

Table A6.1. Experimental transition frequencies (v, MHz) and observed-calculated values of (Av,

kHz).

Indan-CHF3 Indan-CDF3
L vIMHz AV;kH v/IMHz AV/Z kH
Ma-transitions

6(0,6)-5(0,5) 6575.5714 0.2

6(1,5)-5(1,4) 7085.3504 1.8

6(2,4)-5(2,3) 7402.7654 | -0.5

6(3,4)-5(3,3) 7131.1717 1.7

6(3,3)-5(3,2) 7326.5964 0.3

6(4,3)-5(4,2) 7160.4023 0.4

6(4,2)-5(4,1) 7182.0688 1.9

7(0,7)-6(0,6) 7628.3283 0.3 7619.3456 0.3
7(1,7)-6(1,6) 7622.4642 0.1 7613.5173 0.2
7(1,6)-6(1,5) 8118.3492 -2.8
7(2,6)-6(2,5) 8030.0190 0.3 8021.2477 | -1.2
7(2,5)-6(2,4) 8578.2707 0.9 8569.8256 0.9
7(3,5)-6(3,4) 8294.4778 | -0.2 8286.1206 0.1
7(3,4)-6(3,3) 8625.5992 -0.3 8618.0468 15
7(4,4)-6(4,3) 8367.7886 0.7 8359.7457 | -0.1
7(4,3)-6(4,2) 8433.3412 -1.6 8425.6651 0.0
7(5,3)-6(5,2) 8350.4115 2.8 8342.4013 1.7
7(5,2)-6(5,1) 8354.5110 2.7 8346.5297 | -2.0
8(0,8)-7(0,7) 8683.6112 -0.4 8673.3598 1.0
8(1,8)-7(1,7) 8681.3325 | -0.2 8671.0966 | -0.1
8(1,7)-7(1,6) 9162.1520 | -1.5 9151.7690 0.1
8(2,7)-7(2,6) 9109.3540 0.2 9099.2373 1.4
8(2,6)-7(2,5) 9691.7727 -2.4 9681.6850 | -0.5
8(3,6)-7(3,5) 9435.7356 0.3 9426.0206 0.0
8(3,5)-7(3,4) 9899.6445 0.8 9890.7303 0.5
8(4,5)-7(4,4) 9568.9748 | -1.6 9559.7156 | -2.3
8(4,4)-7(4,3) 9721.8849 2.7 9713.3684 | -1.9
8(5,4)-7(5,3) 9565.2457 -2.2 9556.1335 0.7
8(5,3)-7(5,2) 9580.7158 | -3.1 9571.7216 | -1.4
8(6,3)-7(6,2) 9536.0009 3.9

8(6,2)-7(6,1) 9536.6620 | -2.0

9(0,9)-8(0,8) 9740.0619 -0.4 9728.5354 0.6
9(1,9)-8(1,8) 9739.2128 1.4 9727.6918 0.7
9(1,8)-8(1,7) 10203.3359 | 1.5 10191.7193 | -0.6
9(2,8)-8(2,7) 10178.0828 | -1.0 10166.6347 | 0.9
9(2,7)-8(2,6) 10748.0249 | -3.4 10736.3199 | -0.9
9(3,7)-8(3,6) 10553.8109 | -0.3 10542.7021 | 0.4
9(3,6)-8(3,5) 11123.8820 | -0.3 11113.3975 | -1.1
9(4,6)-8(4,5) 10756.2154 | 0.7 10745.6661 | 3.3
9(4,5)-8(4,4) 11040.1665 | -0.9 11030.7105 | -0.5
9(5,5)-8(5,4) 10783.4381 | 1.4 10773.1937 | 0.1
9(5,4)-8(5,3) 10829.3415 | 1.3 10819.4340 | 1.8
10(0,10)-9(0,9) 10796.9930 | 0.1

10(1,10)-9(1,9) 10796.6840 | -0.3
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10(1,9)-9(1,8) 11251.6951 | 0.0
10(2,9)-9(2,8) 112405776 | 5.4
10(2,8)-9(2,7) 11774.0743 | -1.5
10(3,8)-9(3,7) 11650.8023 | -0.7
10(3,7)-9(3.6) 12283.9047 | 1.1
10(4,7)-9(4,6) 11922.9839 | 0.3
10(4,6)-9(4,5) 12356.1758 | -1.0
10(5,6)-9(5,5) 11999.6012 | -0.8
10(5,5)-9(5,4) 12111.1448 | -1.7
11(0,11)-10(0,10) | 11854.1013 | -1.1
11(1,11)-10(1,10) | 11853.9911 | -1.8
11(1,10)-10(1,9) | 12304.4788 | 1.8
11(2,10)-10(2,9) | 12299.8447 | -0.8
11(2,9)-10(2,8) | 12798.6586 | 0.4
11(3,9)-10(3,8) | 12731.1720 | -1.5
11(3,8)-10(3,7) | 13374.1759 | 1.8
11(4,8)-10(4,7) | 13065.5074 | 0.3
11(4,7)-10(4,6) | 13633.0821 | 0.5
11(5,6)-10(5,5) | 13431.0043 | 2.1
12(0,12)-11(0,11) | 12911.2646 | -1.4
12(1,12)-11(1,11) | 12911.2290 | 1.1
12(1,11)-11(1,10) | 13359.4944 | -1.0
12(2,11)-11(2,10) | 13357.6458 | 1.5

Lp-transitions

5(4,2)-4(3,1) |8344.8972 | -15
5(4,1)-4(3,2) | 8383.4928 | 0.1
6(3,4)5(2,3) |8387.2527 | 1.7
6(3,3)-5(2,4) | 9426.9536 | -0.7
6(4,3)-5(3,2) | 9466.7034 | 0.4
6(4,2)-5(33) | 96154172 | -1.6
6(5,1)-5(4,2) | 10251.3022 | 1.6
7(0,7)-6(1,6) | 7618.8574 | -1.1 7609.9419 | 1.6
7(1,7)-6(0,6) | 7631.9334 | -0.2 7622.9225 | 0.4
7(1,6)-6(2,5) | 79332175 | -1.0
7(2,6)6(15) | 8224.2613 | 1.7
7(35)-6(2,4) | 9278.9594 | -3.7
7(4,4-6(3,3) | 10507.8961 | 0.5
7(4,3)-6(3,4) | 10917.5905 | -1.0
7(53)-6(4,2) | 11413.0567 | 2.0
7(52)-6(4,3) | 11445.4059 | -1.1
7(6,2-6(5,1) | 12130.1779 | -1.6
7(6,1)-6(5,2) | 12131.1495 | 3.5
7(7,1)-6(6,0) | 12826.0225 | 2.7 12813.0934 | -0.9
7(7,0)-6(6,1) 12813.1058 | 1.5
8(0,8)-7(17) | 8680.0090 | 3.1 8669.7817 | -0.4
8(1,8)-7(0,7) | 8684.9373 | -1.1 8674.6746 | 1.1
8(1,7)-7(2,6) | 9065.3532 | 0.0
8(2,7)-7(16) | 9206.1537 | -0.3
8(4,4)-7(35) | 12345.0024 | 1.3
8(5,4)-7(4,3) | 12544.9544 | 5.5
8(5,3)-7(4,4) | 12658.3388 | 0.8
8(6,3)0-7(5,2) | 13311.6717 | 3.5
8(6,2)-7(53) | 13317.4012 | 0.0
8(8,1)-7(7,0) 14693.0630 | 0.4
8(8,0)-7(7,1) 14693.0630 | -0.7
9(0,9)-8(18) | 9738.7362 | 0.7 9727.2170 | -3.1
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9(1,9)-8(0,8) | 97405378 | -0.4 9729.0058 | 0.1
9(1,8)-8(2,7) | 10159.3337 | -0.2
9(2,8)-8(1,7) | 10222.0839 | -0.4
9(2,7)-8(3,6) | 10303.3736 | -1.2
9(8,2)-8(7,1) | 15894.8426 | -3.0
9(8,1)-8(7,2) | 15894.8616 | -0.1
9(9,1)-8(8,0) 16573.0029 | -0.1
9(9,0)-8(8,1) 16573.0029 | -0.2
10(1,9)-92,8) | 11232.9457 | 0.5
10(2,9)-9(1,8) | 11259.3208 | -1.3
11(1,10)-10(2,9) | 12296.8511 | 1.1
11(2,10)-10(1,9) | 12307.4728 | 0.4

Table A6.2. MP2/6-311++G** optimized geometry of Indan-CHF3

Bond lenghts / A Valence angles / © Dihedral angles / ©
C2C1 1.4056
C3c1 1.3987 | C3C1C2 120.5
c4c2 1.3987 | C4C2C1 120.5 | C4C2C1C3 0
C5C1 1.4033 | C5C1C1 119.0 | C5C3C1C2 -0.4
CéC4 1.4033 | C6C4C2 119.0 | C6C4C2C1 0.4
CrC1 1.5117 | C7C1C2 110.1 | C7C1C2C4 179.4
c8c2 1.5117 | C8C2C1 110.1 | C8C2C1C3 -179.4
X9C7 1.2229 | X9C7C1 69.9 | X9C7C1C2 0
C10X9 0.9436 | C10X9C7 90.0 | C10X9C7C1 148.4
H11C3 1.0881 | H11C3C1 120.7 | H11C3C1C2 -179.8
H12C4 1.0881 | H12C4C2 120.7 | H12C4C2C1 179.8
H13C5 1.0871 | H13C5C3 119.9 | H13C5C3C1 -179.5
H14C6 1.0871 | H14C6C4 119.9 | H14C6CAC2 179.5
H15C7 1.0989 | H15C7C1 109.8 | H15C7C1C2 -98.5
H16C8 1.0989 | H16C8C2 109.8 | H16C8C2C1 98.5
H17C7 1.0944 | H17C7C1 113.0 | H17C7C1C2 141
H18C8 1.0944 | H18C8C2 113.0 | H18C8C2C1 -141
H19C10 | 1.0938 | H19C10X9 112.9 | H19C10X9C7 -153.3
H20C10 | 1.0948 | H20C10X9 109.0 | H20C10X9C7 86.3
X21C3 1.4135 | X21C3C1 59.5 | X21C3C1C2 0
H22X21 | 2.3166 | H22X21C3 90.0 | H22X21C3C1 -90.8
C23C22 | 1.0854 | C23C22X21 146.7 | C23C22X21C3 90
F24C23 | 1.3405 | F24C23C22 110.9 | F24C23C22X21 180
F25C23 1.342 | F25C23C22 110.7 | F25C23C22X21 -59.9
F26C23 1.342 | F26C23C22 110.7 | F26C23C22X21 59.9
Hydrogen bond parameters: ry.... = 2.317 A: ru17 25 = 3.204 A rizo --r25
=2.946 A,
C7H17F25 =99.7< C10H20F25 = 124.9<°
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VII. [CH2F2]mee*[H20], trimers and tetramers
AT7.1 Protocol for computational screening.

e For each investigated cluster, a set of plausible configurations was prepared based on
symmetry consideration and the possible favorable WHB networks allowed by the different
dispositions. All the attempted starting conformation are separately displayed for DW2,
D2W and D2W?2 clusters in Figures A7.1, 7.3 and 7.5, respectively.

e To reduce the computational burden, a preliminary optimization for each chosen
arrangement is carried out at B97D/aug-cc-pvDz level. From the resulting optimized
structure, a further energy minimization was done with the larger aug-cc-pvTz basis set.
Optimization with both basis sets were performed by minimizing all degrees of freedom
without imposing any symmetry constrain.

e The resulting conformers were classified according to their structure (thus rotational
constants) and according to their binding energies.

e The structure of the most stable conformers belonging to each class was further refined at
MP2/6-311++G** level. It might be important to recall that the B97D functional was
validated in previous work against high level CCSD(T) data, but its accuracy was assessed
only for CHxF> clusters, while its ability to yield reliable results for complex involving water
was not benchmarked. Considering the well-known dependence of DFT results on the
adopted functiona, we resorted to the wave-function based MP2 method, which has been
successfully adopted in previous studies of WHBs.

« Finally, the MP2 optimized strucutres are collected, and their binding energy and structural
data computed, again at MP2/6-311++G** level.

A7.2. Details of DW2 clusters

For the computational screening of DW?2 clusters, five starting configurations were
considered and subjected to the adopted protocol. All arrangements collapsed into two different
classes, namely triangular or linear dispositions. Among these, the three most stable conformers are
shown in Figure A7.2, where trimers | and 111 belong to the former class, while 11, less stable,
displays a quasi linear geometry. Both MP2 computed binding energies and rotational constants are
reported in table A7.1. for all three conformers. It should be noted that cluster I and 11l have

practically the same energy and are characterized by a very similar structure and WHB network. Yet,
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they exhibit significantly different rotational constants and dipole moments, confirming the

challenges that this kind of computational screening might encounter.
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Figure A7.1. Starting structures for the CHzF --{H20]> (DW2). The and O --O and C --O distances
that characterize the cluster structure are displayed with blue dashed lines.
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Figure A7.2. Most stable structures for DW2 trimers. The O--O and C --- distances that
characterize the cluster structure are displayed with blue dashed lines, whereas the different WHB,
whose distance is less than 3.0 A are evidenced with dotted lines in different colors (OH --O red;
O-H --F magenta; C-H --O orange).

Table A7.1. Relative energies AE (with respect to the most stable conformer), binding energies (BE),

rotational constants (A, B and C) and electric dipole components (j, e, L&), computed for the most stable
structures of DW2 trimers shown in Figure A7.2. The best matching conformer is evidence on bold.

Cluster AE BE A B C b 83} Lc
kd/mol kJ/mol MHz MHz MHz D D D

| 0.0 -41.7 4441 1872 1456 -1.2 0.6 1.2

I 17.1 -25.1 8383 1238 1229 0.0 0.0 0.9

i 0.0 -41.7 5560 1736 1339 2.1 0.0 0.3

A7.3. Details of D2W cluster
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For the computational screening of DW2 clusters, six starting configurations, displayed in
Figure A7.3. were selected and optimized through the proposed screening protocol. and subjected to
the adopted protocol. As for the DW?2 trimer, all arrangements collapsed into two either triangular
or linear dispositions. As done previously, the three most stable conformers are shown in Figure
A7.4, but at difference with DW2, no D2W linear stable cluster was found, resulting instead into
three different triangular conformers. MP2 computed binding energies and rotational constants of

the three clusters are reported in table A7.2.
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Figure A7.3 Starting structures for the [CH2F2]2 --H20 (D2W). The and C --C and C --O distances
that characterize the cluster structure are displayed with blue dashed lines.
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Figure A7.4. Most stable structures for D2W trimers. The C--O and C--C distances that
characterize the cluster structure are displayed with blue dashed lines, whereas the different WHB,
whose distance is less than 3.0 A, are evidenced with dotted lines in different colors (O-H --F
magenta; C-H --O orange; C-H --F green).

Top views of C; and Cs symmetries of conformer Il. With the respective energy E (Cs - Cy1) =
80 cm™ (mp2), and 95 cm* (b3lyp).

Table A7.2. Relative energies AE (with respect to the most stable conformer), binding
energies (BE), rotational constants (A, B and C) and electric dipole components (pu, |B, L&),
computed for the most stable structures of D2W trimers shown in Figure 7.4. The best matching
conformer is evidence on bold.

Cluster AE BE A B C M 53] e
kcal/mol kcal/mol MHz MHz MHz D D D

| 2.5 -24.7 2585 1056 1037 -0.5 -0.7 0.0

1 Ci 0.0 -28.0 2304 1103 874 1.6 0.4 -0.1
Cs 0.2 2302 1095 863 1.9 -0.6 0.0

Il 4.6 -23.4 4282 478 452 -0.6 0.4 2.2

A7.4. DETAILS ON D2W?2 CLUSTERS

Eight different starting clusters were labeled A to H. The resulting optimized conformers were
classified according to their structure and energies. It turned out all conformers can be grouped into
four different classes, depending on their structure, namely tetrahedral, “bended”, planar and
elongated. The two most stable conformer (I and Il) belong to the first of the abovementioned

classes (tetrahedral), and their structures are displayed in Figure A7.6.
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Figure A7.5. Starting structures for the [CH2F2]2 --{H20]. (D2W?2). The and O --O, C --C and
C --O distances that characterize the cluster structure are displayed with blue dashed lines.

Figure A7.6. Most stable structures for D2W?2 tetramers. The O --O, C --O and C --C distances
that characterize the cluster structure are displayed with blue dashed lines, whereas the different
WHB, whose distance is less than 3.0 A, are evidenced with dotted lines in different colors (OH --O
red; O-H --F magenta; C-H --O orange; C-H --F green).

Table A7.3. Relative energies AE (with respect to the most stable conformer), binding energies (BE),
rotational constants (A, B and C) and electric dipole components (i, &, ), computed for the
most stable structures of D2W?2 tetramers shown in Figure A7.6. The best matching conformer is
evidence on bold.

Cluster AE BE A B C Ha 53] e
kJ/mol kd/mol MHz MHz MHz D D D
| 0.0 -54.0 1665 950 834 0.8 1.0 -1.4
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AT7.5. Assigned transition frequencies for the isotopologues of each
oligomer.
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Figure A7.7.. Assigned conformers at MP2/6-311++G** level, the atoms labels and (weak)
hydrogen bonds are shown. The labels of the hydrogen atoms are used for naming the isotopologues
in table A7.4-A7.29.

Table A7.4. Experimental rotational parameters of the parent and deuterated species of DW?2.

Normal DFM-(D20). D8g?
v=0 | v=1 v=0 | v=1 v=0 v=1

AIMHz 5249.96( 5)° 4707.61( 4) 4981.9(1) | 4985.9(3)
B/MHz 1729.540(2) | 1729.658(2) | 1628.874(3) | 1628.866(3) | 1701.276(3) | 1702.04(1)
CIMHz 1316.196(2) | 1316.166(2) | 1225.460(2) | 1225.439(2) | 1282.948(3) | 1282.46(1)
Du/kHz 1.31(2) 1.26(2) 1.05(2) 1.03(2) 1.12(2) 3.47(9)
Dux/kHz 12.2(1) 12.7(1) 10.6(1) 10.6(1) 13.2(5) 28.(1)
di/kHz -0.41(2) -0.54(2) -0.25(3) -0.35(3) -0.41(2) 9.1(2)
do/kHz 20.10(1) 20.09(2) 20.03(1) 20.05(1) 20.10(2) 05(2)
Foo/MHZ 1.2(4)
AEIGHz 58.8(4)
o° 1.4 1.8 1.7
Nd 50 40 23
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D9 D11 D8,9
v=0 v=1 v=0 | v=1 v=0 | v=1
AIMHzZ 5218.0(1) | 5215.002) 5140.9( 1) 4959.95(6)
B/MHz 1705.101(2) | 1705.225(3) | 1721.444(3) | 1721.497(7) | 1677.409(3) | 1677.553(4)
CIMHz 1300.105(2) | 1300.098(3) | 1304.759(2) | 1304.722(5) | 1268.016(2) | 1267.971(2)
Dy/kHz 1.16(2) 0.46(3) 132(2) 152(5) 1.16(2) 1.023)
Dux/kHz 14.4(4) 21.4(6) 11.3(4) 1102) 13.4(1) 21.1(4)
du/kHz 0.34(2) -0.97(4) 20.40(2) “1.8(1) 20.36(3) 20.84(3)
do/kHz 0.07(3) 20.52(5) 0.1102) 4.5(4) 20.13(2) T1.34(2)
o 1.8 1.8 1.8
N 28 25 32
D8§,11 D9,11 D10,11
v=0 R v=0 | v=1
AIMHzZ 4876.52(5) 5108.50(5) 5001.1(1)
B/MHz 1694.192(3) | 1694.204(3) | 1697.582(3) | 1697.572(3) 1674.381(4)
CIMHz 1272.010(2) | 1272.020(2) | 1288.986(3) | 1289.003(3) 1269.670(3)
Dy/kHz L11Q2) 1.252) 1.11(4) 7.14(2)
Dux/kHz 11.6(3) 9.9(3) 9.5(4) 14.9(5)
du/kHz 0.35(2) 0.42(2) 0.273) 4.97(4)
do/kHz 0.12(1)
o 14 1.2 1.7
N 30 30 11
D8,9,11 D9,10,11
v=0 | vl v=0 | v=1
AIMHz 4853.69(5) 4960.76(9)
B/MHz 1670.856(3) | 1670.868(3) | 1652.551(4) | 1652.521(4)
CIMHz 1257.381(2) | 1257.391(2) | 1255.188(3) | 1255.204(2)
Dy/kHz 1.08(2) 1.47(3)
Dy/kHz 11.3(2) 18.4(5)
du/kHz 0.35(2) 11.36(3)
do/kHz 20.10(0) 22.60(4)
o 1.1 1.6
N 32 19

@Named with the deuterated label.

®Error in parentheses in unit of the last digit.

‘Root-mean-square deviation of the fit.
YNumber of the lines in the fit.

Table A7.5. Experimental rotational parameters of the parent and deuterated species of D2W.

normal DFM2-D,O | DFM2-DOH2 DFM2-HOD
v=0 v=1

A/MHz 2248.047(7)° 2248.194(7) | 2124.00(3) 2211.654(3) 2152.61(3)
B/MHz 1096.505(1) 1096.516(1) 1093.182(1) | 1096.6134(9) 1093.381(2)
C/MHz 860.5625(6) 860.5106(7) | 847.478(1) 857.5869(6) 848.145(1)
Dy/kHz 2.38(6) 2.67(7) 7.44(1) 3.564(4) 4.16(2)
Dyk/kHz 36.9(1) 36.0(2) 85.0(1) 51.24(3) 59.5(1)
Dx/kHz -20(3) -23(3) -167(3) -41.1(2) -73(5)
di/kHz -0.081(4) -0.088(4) -0.139(4) -0.060(4) -0.080(7)
do/kHz 0.73(4) 0.87(3) 3.803(6) 1.399(2) 1.679(8)
Foo/MHz 4.1(9)
AEIGHz 58.822(8)
o° 1.0 1.9 1.5 1.3
N¢ 130 36 59 32

131



aThe former hydrogen of the water is involved in HB.
PError in parentheses in unit of the last digit.
°Root-mean-square deviation of the fit.

dNumber of the lines in the fit.

Table A7.6. Experimental rotational parameters of the parent and deuterated species of D2W2.

normal DFM2(D20)2 D13 D14
AIMHz 1759.4167(7) 1647.497(5) 1718.01(5) 1740.23(5)
B/MHz 763.3094(2) 749.7241(3) 760.059(2) 759.154(2)
CIMHz 696.9655(2) 684.3165(3) 692.472(2) 693.659(1)
D,/kHz 0.700(1) 0.597(2) 0.654(6) 0.684(7)
Dyx/kHz -1.89(1) -1.27(1) -1.47(7) -1.55(9)
Dk/kHz 10.66(5) 4.8(9)
dy/kHz -0.1310(9) -0.106(1) -0.116(8) -0.130(7)
do/kHz 0.0014(6) 0.0073(8)
o 0.57874 18 0.7 14
N 162 78 23 21

D13,14 D15,16 D13,14,16
AIMHz 1699.82(7) | 1707.6(1) 1665.58(6)
B/MHz 756.107(1) | 758.077(3) | 751.785(2)
CIMHz 689.370(1) | 691.145(2) | 685.029(2)
D,/kHz 0.484(7) 0.07(1) 0.637(6)
Dyx/kHz -2.03) -22.4(4) -1.62(9)
dy/kHz -0.18(1) -0.129(8)
do/kHz -0.076(8)
o 17 1.9 0.7
N 14 15 20

aNamed with the deuterated labels.

bError in parentheses in unit of the last digit.
°Root-mean-square deviation of the fit.
dNumber of the lines in the fit.

Table A7.7. Kraitchman’s coordinates (rs) of the hydrogen atoms in the principal axes system, the

deuterated labels are same with Figure A7.7.

alA b/A c/lA
|rs] |rel |rs] |re] |rs| [rel
DW?2 D8 2.1703(8)*| 2.09| 2.2997(7) 2.31| 0.211(8)  0.35
D9 2.0456(8) | 2.04| 0.770(2) 0.84 0.11(1) 0.04
D10 2.8342(6) | 2.88| 1.648(1) 1.57| 0.396(4)  0.63
D11 1.158(1) | 1.53| 1.429(1) 1.34| 0.16(1) 0.03
D2W D13 0.16%i(1) | 0.68| 2.9238(6) 3.10| 1.199(1)  1.00
0.01° 2.88 1.25
D2W?2 D13 0.549(5) | 0.52| 2.057(1) 2.20| 1.645(2) 2.20
D14 1.394(2) | 1.36] 1.212(2) 1.10| 1.310(2) 155
D15 0.595%i(5) | 0.41| 1.042(3) 151| 1.498(2) 172

aErrors in parenthesis are expressed in units of the last digit.
®The coordinates are calculated at B3LYP/def2tzvp-D3BJ level.

Table A7.8. Measured rotational transition frequencies (vVobs) Of parent species of DW2 and residual

(Vobs-Vealc) for the fit of table A7.4. (frequencies in MHz).

J’ Ka’ K¢’ J” Ka” Ke”? v=0 v=1
Vobs Vobs-Vealc Vobs Vobs-Vealc
1 0 1 0 0 3045.7369 0.0061 3045.8221 0.0032
2 2 1 1 5678.0543 0.0035 5678.1127 0.0305
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2 0 2 1 0 1 6057.1325 0.0034 6057.2857 0.0030
2 1 1 1 1 0 6504.7026 | -0.0091 6505.0248 | -0.0070
3 1 3 2 1 2 8496.4189 0.0128 8496.4189 | -0.0327
3 0 3 2 0 2 9001.4137 0.0035 9001.5925 0.0039
3 2 2 2 2 1 9136.7874 0.0043 9137.0471 0.0058
3 2 1 2 2 0 9272.4220 0.0017 9272.7632 | -0.0081
3 1 2 2 1 1 9734.5536 | -0.0091 9735.0229 | -0.0011
4 1 4 3 1 3| 11292.3998 0.0294 | 11292.3998 | -0.0321
4 0 4 3 0 3| 11852.9800 0.0042 | 11853.1371 0.0036
4 2 3 3 2 2 | 12155.5300 0.0121 | 12155.8615 0.0067
4 3 2 3 3 1| 12245.2879 0.0001 | 12245.6714 0.0125
4 3 1 3 3 0| 12255.9457 | -0.0057 | 12256.3420 0.0085
4 2 2 3 2 1| 12485.0314 0.0054 | 12485.5621 | -0.0119
4 1 3 3 1 2| 12934.8601 | -0.0105 | 12935.4613 0.0118
5 1 5 4 1 4 | 14062.2463 0.0194 | 14062.2463 | -0.0666
5 0 5 4 0 4| 14603.4932 0.0031 | 14603.5600 | -0.0416
5 2 4 4 2 3| 15151.4197 0.0094 | 15151.8027 | -0.0194
5 3 3 4 3 2| 15327.1889 | -0.0032 | 15327.5549 | -0.0255
5 3 2 4 3 1] 15364.1501 | -0.0060 | 15364.5945 0.0219
5 2 3 4 2 2 | 15775.2486 0.0133 | 15775.9892 | -0.0179
5 1 4 4 1 3| 16091.5586 | -0.0077 | 16092.2558 0.0251
6 1 6 5 1 5| 16804.8633 0.0172 | 16804.9759 0.0007
6 0 6 5 0 5| 17268.5342 | -0.0163 | 17268.6618 0.0299

Table A7.9. Measured rotational transition frequencies (Vons) of DW2 with full deuterated water and
residual (Vobs-Vearc) for the fit of table A7.4. (frequencies in MHz).

r Ky’ K¢’ I Ky K¢” v=0 v=1
Vobs Vobs-Vcalc | Vobs Vobs-Vcalc
3 1 3 2 1 2 7935.4897 -0.0278 7935.4897 0.0630
3 0 3 2 0 2 8416.5153 -0.0057 8416.4212 -0.0124
3 2 2 2 2 1 8562.6103 -0.0247 8562.6103 0.0561
3 2 1 2 2 0 8708.9955 -0.0016 8708.8897 -0.0267
3 1 2 2 1 1 9143.5598 -0.0048 9143.4890 0.0014
4 1 4 3 1 3 10541.9924 -0.0263 10541.8989 -0.0123
4 0 4 3 0 3 11063.5502 0.0136 11063.3995 -0.0260
4 1 3 3 1 2 12142.7553 -0.0064 12142.6583 0.0076
4 2 3 3 2 2 11387.7885 -0.0260 11387.7885 0.0779
4 2 2 3 2 1 11741.2127 -0.0162 11741.0986 -0.0192
5 1 5 4 1 4 13121.1738 0.0038 13121.0704 0.0109
5 0 5 4 0 4 13608.1835 -0.0094 13608.0792 0.0063
5 2 4 4 2 3 14188.3721 0.0283 14188.2791 0.0565
5 3 3 4 3 2 14376.7221 -0.0039 14376.6062 0.0109
5 3 2 4 3 1 14420.9526 -0.0054 14420.8060 -0.0158
5 2 3 4 2 2 14850.4676 0.0168 14850.3141 0.0156
5 1 4 4 1 3 15093.7536 -0.0048 15093.6111 0.0002
6 1 6 5 1 5 15672.4055 0.0014 15672.3088 -0.0010
6 0 6 5 0 5 16072.8409 0.0056 16072.7356 0.0054
6 2 5 5 2 4 16958.6261 -0.0158 16958.4732 -0.0399

Table A7.10. Measured rotational transition frequencies (vobs) for the D8 isotopologue of DW?2 and
residual (Vobs-Vcaic) for the fit of table A7.4 (frequencies in MHz).

J’ Ka’ K¢’ J” Ka” K¢” v=0 v=1
Vobs Vobs-Vealc Vobs Vobs-Vealc
2 1 1 1 1 0 6386.7264 0.0527
3 1 3 2 1 2 8302.5528 0.0062
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3 0 3 2 0 2 8804.4863 | -0.0018 8804.66687 0.0
3 2 2 2 2 1 8952.2323 | -0.0106 8952.49978 0.0
3 1 2 2 1 1 9555.3005 | -0.0308
4 1 4 3 1 3| 11030.8727 0.0041 | 11030.87268 0.0041
4 0 4 3 0 3| 11578.4018 | -0.0200 | 11578.57464 0.0
4 2 3 3 2 2| 11906.9512 | -0.0306 | 11907.05050 0.0
4 1 3 3 1 2| 126913618 | -0.0110 | 12691.95236 0.0
5 1 5 4 1 4| 13731.3383 0.0103
5 0 5 4 0 4] 14247.1018 0.0216
5 2 4 4 2 3| 14836.8174 0.0191
5 2 3 4 2 2 | 15509.3859 | -0.0076
5 1 4 4 1 3| 15778.9612 0.0051 | 15778.02976 0.0
6 1 6 5 1 5| 16403.1757 | -0.0141
4 2 2 3 2 1] 12265.0441 0.0237

Table A7.11. Measured rotational transition frequencies (Vons) for the D9 isotopologue of DW?2 and

residual (Vobs-Vcaic) for the fit of table A7.4 (frequencies in MHz).

J Ka’ K¢’ I Ka” Kc” v=0 v=1
Vobs Vobs-Vcalc | Vobs Vobs-Vcalc

2 1 1 1 1 0 6415.2987 | -0.0024 6415.6309 | -0.0115
3 1 3 2 1 2 8388.0802 | -0.0006 8388.2886 | -0.0202
3 0 3 2 0 2 8884.7806 | -0.0068 8885.0202 | -0.0245
3 2 2 2 2 1 9015.1854 0.0460 9015.4556 | -0.0015
3 2 1 2 2 0 9145.8743 0.0178 9146.2242 | -0.0070
3 1 2 2 1 1 9601.2957 | -0.0070 9601.7885 | -0.0032
4 1 4 3 1 3| 11149.2175| -0.0007 11149.6604 0.0385
4 0 4 3 0 3| 11702.6156 | -0.0191 11702.9272 0.0114
4 2 3 3 2 2| 11994.2704 | -0.0426 11994.8511 0.0029
5 1 5 4 1 4| 13885.1162 0.0204 13885.7544 | -0.0152
4 1 3 3 1 2| 12758.9165 | -0.0037 12759.5765 0.0359
5 0 5 4 0 4| 14422.1979 | -0.0031

6 1 6 5 1 5| 16594.5330 | -0.0032

5 1 4 4 1 3| 15874.7110 0.0250 15875.4189 | -0.0187
5 2 3 4 2 2| 15554.2028 | -0.0132 15555.0881 0.0014

Table A7.12. Measured rotational transition frequencies (vobs) for the D11 isotopologue of DW2 and

residual (Vobs-Vearc) for the fit of table A7.4 (frequencies in MHz).

I Ky’ K¢’ I Ky” K¢” v=0 v=1
Vobs Vobs-Vcalc | Vobs Vobs-Vcalc
2 1 1 1 1 0 6468.9515 | -0.0398 6469.0739 0.0121
3 1 3 2 1 2 8431.9309 0.0076 8431.9308 | -0.0099
3 0 3 2 0 2 8936.9757 0.0024 8936.9756 | -0.0049
3 2 2 2 2 1 9078.2130 0.0067
3 2 1 2 2 0 9219.6867 0.0078
3 1 2 2 1 1 9679.9623 0.0016 9679.9624 | -0.0297
4 1 4 3 1 3| 11204.9426 | -0.0048
4 0 4 3 0 3| 11761.3196 0.0013 11761.3196 | -0.0239
4 1 3 3 1 2| 12859.9866 0.0314 12859.9866 0.0358
5 1 5 4 1 4| 13950.9928 | -0.0065 13951.1067 0.0082
5 0 5 4 0 4| 14482.3538 | -0.0092 14482.4673 0.0401
5 2 4 4 2 3| 15050.4449 | -0.0043
5 2 3 4 2 2| 15697.6400 | -0.0066
5 1 4 4 1 3| 15994.0877 | -0.0061 15994.2092 | -0.0142
6 1 6 5 1 5| 16669.1201 0.0088
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| 6] 0| 6] 5] o] 5] | | 17118.2330 | -0.0182 |

Table A7.13. Measured rotational transition frequencies (Vons) for the D8,9 isotopologue of DW2
and residual (Vobs-Vcaic) for the fit of table A7.4 (frequencies in MHz).
P K K [T K | K [ v=0 v=1
Vobs Vobs-Vcalc | Vobs Vobs-Vcalc
8200.4489 | -0.0070 8200.4489 | -0.0202
8694.1581 0.0096 8694.3550 0.0111
9426.5780 | 0.0027 9427.0562 | -0.0060
8977.8286 | 0.0125
8835.8355 | -0.0035 8836.1260 | 0.0381
10896.2758 0.0052 10896.2758 | -0.0299
11437.4499 0.0039 11437.6379 0.0222
12521.8247 | -0.0066 12522.4482 0.0093
11752.9828 | -0.0048 11753.4419 | -0.0076
12096.7879 | -0.0063 12096.8899 | -0.0479
13565.1879 | -0.0016 13565.2943 0.0482
14078.4399 0.0047 14078.5381 | -0.0094
15570.8459 0.0034 15571.5737 | -0.0131
14646.2359 0.0032
15293.4976 | -0.0038 15293.6195 0.0274
14829.4266 | -0.0088
14870.3959 0.0113
16206.3739 | -0.0008
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16636.4601 | -0.0158

Table A7.14. Measured rotational transition frequencies (Vobs) for the D8,11 isotopologue of DW2
and residual (Vobs-Vealc) for the fit of table A7.4 (frequencies in MHz).
P OKe K [T K | K [ v=0 v=1
Vobs Vobs-Vcalc | Vobs Vobs-Vcalc
8241.7102 0.0302 8241.7102 | -0.0326
8743.6160 0.0310 8743.6160 | -0.0338
8898.2486 0.0282
9053.1344 0.0352
9505.8797 0.0267 9505.8797 | -0.0443
10948.0638 0.0321 10948.0638 | -0.0510
11490.6844 0.0189 11490.6844 | -0.0650
11833.5623 | -0.0072
12207.2271 | -0.0334
12622.8939 0.0063 12622.9694 | -0.0119
13625.5533 0.0072 13625.6602 0.0112
14130.2701 | -0.0009 14130.3829 0.0098
14742.8246 | -0.0144 14742.9504 0.0007
15442.0244 | -0.0004 15442.1468 0.0013
15688.7753 0.0106 15688.8930 0.0128
16273.7108 0.0081 16273.8220 | -0.0033
16686.6745 | -0.0050 16686.7948 | -0.0049
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Table A7.15. Measured rotational transition frequencies (Vobs) for the D9,11 isotopologue of DW2
and residual (Vobs-Vcaic) for the fit of table A7.4 (frequencies in MHz).

VK K || K [ K [ v=0 v=1

Vobs Vobs-Vealc Vobs Vobs-Vecalc

2 1 1 1 1 0 6381.6397 | 0.0008
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3 1 3 2 1 2 8325.9507 | 0.0408 8325.9507 | -0.0249
3 0 3 2 0 2 8823.0113 | 0.0292 8823.0113 | -0.0208
3 2 2 2 2 1 8959.3221 | -0.0101

3 2 1 2 2 0 9095.9203 | 0.0014

3 1 2 2 1 1 9549.7791 | 0.0057 9549.7792 | -0.0131
4 1 4 3 1 3| 11064.9013 | 0.0394 11064.9013 | -0.0481
4 0 4 3 0 3| 11614.4242 | 0.0226 11614.4242 | -0.0625
4 2 3 3 2 2| 11918.7105 | -0.0074

4 2 2 3 2 1| 12250.2027 | 0.0151

4 1 3 3 1 2| 12688.0721 | -0.0081 12688.1592 | 0.0189
5 1 5 4 1 4| 13777.6889 | 0.0154 13777.7976 | 0.0189
5 0 5 4 0 4| 14305.1626 | -0.0109 14305.2738 | -0.0181
5 2 4 4 2 3| 14855.1130 | 0.0136 14855.2317 |  0.0056
5 2 3 4 2 2| 15481.4761 | -0.0218 15481.6007 | -0.0135
5 1 4 4 1 3| 15782.3020 | 0.0165 15782.4198 | 0.0075
6 1 6 5 1 5| 16463.3194 | -0.0041 16463.4361 | -0.0014
6 0 6 5 0 5| 16911.9762 | 0.0000

Table A7.16. Measured rotational transition frequencies (vobs) for the D10,11 isotopologue of
DW?2 and residual (vobs-vcalc) for the fit of table A7.4 (frequencies in MHz).

r Ka® Ke 7 Ka” Kc” Vobs Vobs-Vcalc
3 1 3 2 1 2 8203.9190 | -0.0235
3 0 3 2 0 2 8694.3550 0.0266
3 2 2 2 2 1 8831.0361 0.0114
3 2 1 2 2 0 8968.0681 | -0.0108
3 1 2 2 1 1 9415.1225 | -0.0126
4 1 4 3 1 3| 10902.0834 0.0233
4 0 4 3 0 3| 11442.2298 | -0.0245
4 1 3 3 1 2| 12507.2383 0.0129
5 1 5 4 1 4 | 13574.0674 | -0.0048
5 0 5 4 0 4| 14090.1053 0.0039
5 1 4 4 1 3| 15554.1418 | -0.0032

Table A7.17. Measured rotational transition frequencies (vobs) for the D8,9,11 isotopologue of
DW?2 and residual (vobs-vcalc) for the fit of table A7.4 (frequencies in MHz).

r Ky’ K¢’ I Ky” K¢” v=0 v=1
Vobs Vobs-Vcalc | Vobs Vobs-Vcalc

3 1 3 2 1 2 8141.7909 0.0310 8141.7909 | -0.0310
3 0 3 2 0 2 8635.7818 0.0317 8635.7818 | -0.0311
3 2 1 2 2 0 8933.1747 0.0168 8933.1747 | -0.0487
3 2 2 2 2 1 8784.3479 0.0156

3 1 2 2 1 1 9379.9868 0.0346 9379.9868 | -0.0312
4 1 4 3 1 3| 10816.3752 0.0399 10816.3752 | -0.0424
4 0 4 3 0 3| 11352.9954 0.0158 11352.9954 | -0.0666
4 2 3 3 2 2| 11682.9213 | -0.0128

4 3 1 3 3 0| 11794.1485 0.0158

4 2 2 3 2 1| 12042.4769 0.0002

4 1 3 3 1 2| 12457.1756 0.0067 12457.2530 | -0.0032
5 1 5 4 1 4| 13463.0536 0.0144 13463.1521 0.0104
5 0 5 4 0 4| 13965.5679 0.0009 13965.6753 0.0070
5 2 4 4 2 3| 14556.4659 | -0.0131 14556.5809 | -0.0042
5 2 3 4 2 2| 15230.6369 | -0.0090 15230.7506 | -0.0069
5 1 4 4 1 3| 15485.4763 0.0081 15485.5952 0.0188
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6 1 6 5 1 5| 16081.2531 | 0.0090 16081.3663 | -0.0002
6 0 6 5 0 5| 16495.8021 | -0.0122 16495.9285 | -0.0062

Table A7.18. Measured rotational transition frequencies (vobs) for the D9,10,11 isotopologue of
DW?2 and residual (Vobs-Vealc) for the fit of table A7.4 (frequencies in MHz).

P OKe K [T K K [ v=0 v=1

Vobs Vobs-Vcalc | Vobs Vobs-Vealc
8106.8365 0.0260 8106.8365 | -0.0087
8589.9000 | -0.0223 8589.9000 | -0.0143
9296.7908 | -0.0483 9296.7908 0.0537
10773.7238 0.0359
11307.4916 0.0081
11604.3723 | -0.0028
11926.1410 | -0.0039
12351.9058 0.0037 12351.7816 0.0047
13415.0629 | -0.0228 13415.1589 | -0.0051
13927.0519 | -0.0355 13927.1591 0.0068
15364.0329 0.0038 15363.8881 | -0.0034
16465.0772 0.0199
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Table A7.19. Measured rotational transition frequencies (vobs) the parent species of D2W and
residual (Vobs-Vearc) for the fit of table A7.5 (frequencies in MHz).
1N Ky’ K¢’ J” Ka” Ke” v=0 v=1
Vobs | Vobs-Vecalc Vobs | Vobs-Vecalc
Ua-type transitions
1 3881.3803 | 0.0047 | 3881.2792 | 0.0012
3677.9730 | 0.0037 | 3677.8236 | 0.0005
4149.8660 0.0167 | 4149.8105| -0.0173
5744.1496 0.0037 | 5743.9693 | -0.0008
5497.6330 0.0027 | 5497.4023 | -0.0014
6202.5777 0.0132 | 6202.5777 0.0547
5869.9782 | 0.0030 | 5869.8556 | 0.0002
5996.9226 0.0043 | 5996.8433 | -0.0011
7532.6041 0.0012 | 7532.3241 | -0.0016
7297.8443 0.0012 | 7297.5283 | -0.0013
8224.5130 | -0.0152 | 8224.5130 0.0588
7800.7214 | 0.0006 | 7800.5545 | 0.0018
8095.9144 | -0.0126 | 8095.9144 0.0546
7882.6141 | -0.0034 | 7882.4862 | -0.0033
7899.6609 | -0.0001 | 7899.5226 | -0.0177
9261.4269 | 0.0014 | 9261.0336 | -0.0019
9077.5370 0.0013 | 9077.1277 | -0.0013
10199.1070 | -0.0009 | 10198.9621 | -0.0214
9709.6952 | -0.0034 | 9709.4715| -0.0046
10231.4584 | -0.0102 | 10231.4584 0.0483
9866.2383 | -0.0090 | 9866.1000 | 0.0061
9924.2834 | -0.0090 | 9924.1463 | -0.0162
9850.7283 | -0.0156 | 9850.5969 | -0.0084
9852.3984 | -0.0138 | 9852.2603 | -0.0140
10962.0034 | 0.0023 | 10961.4985 | -0.0009
10838.5496 | -0.0010 | 10838.0455 | -0.0006
12107.0499 | -0.0165 | 12106.8628 | -0.0068
11592.5748 | -0.0023 | 11592.2917 | -0.0020
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12364.7567 | -0.0164 | 12364.7567 | 0.0459
11994.1768 | -0.0217 | 11994.0654 | -0.0096
11847.3436 | 0.0047 | 11847.1814 | 0.0214
11849.5451 | -0.0037 | 11849.3987 | -0.0025
11842.1476 | 0.0025 | 11842.0108 | 0.0162
12658.7694 | 0.0070 | 12658.1574 | 0.0026
12584.5718 | 0.0039 | 12583.9759 | 0.0127
13933.5341 | -0.0098 | 13933.2356 | -0.0023
13446.4649 | -0.0049 | 13446.1140 | -0.0062
14461.7840 | -0.0315 | 14461.7840 | 0.0530
13818.0151 | -0.0005 | 13817.8148 | 0.0052
14119.5982 | -0.0586 | 14119.5982 | 0.0450
13841.8455 | 0.0056 | 13841.6884 | 0.0046
13865.9354 | 0.0025 | 13865.7808 | -0.0047
14361.1450 | 0.0013 | 14360.4366 | 0.0021
14319.7655 | -0.0045 | 14319.0669 | 0.0021
15680.4595 | -0.0213 | 15680.0932 | -0.0015
15270.5502 | -0.0035 | 15270.1300 | -0.0055
16500.2240 | -0.0803 | 16500.2240 | 0.0439
15770.1286 | 0.0198 | 15769.8835 | 0.0097
16293.6128 | -0.0074 | 16293.5346 | -0.0040
15847.1412 | 0.0169 | 15846.9713 | 0.0044
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8| 16069.7447 | -0.0152 | 16068.9445 | -0.0081
8| 16047.8644 | 0.0320 | 16047.0344 | 0.0065
7| 17372.3637 | -0.0014 | 17371.8769 | -0.0146
7| 17066.3674 | -0.0033 | 17065.8940 | 0.0083
6| 17696.4808 | 0.0175 | 17696.2072 | 0.0077
1 1 9| 17782.7005 | 0.0074 | 17781.7971 | 0.0057
1 1 9| 177714636 | -0.0185 | 17770.5745 | -0.0068
wp-type transitions

6445.7093 | -0.0032 | 6445.6041 | 0.0260
7999.4162 | 0.0067 | 7999.1308 | -0.0068
9544.3486 | 0.0063 | 9543.9424 | 0.0015
11121.4715| 0.0041
12744.0370 | 0.0028
6831.0343 | -0.0022 | 6830.7270 | 0.0093
8794.6152 | -0.0037 | 8794.2244 | 0.0008
10679.0758 | -0.0085 | 10678.5909 | -0.0030
12499.2955 | -0.0007 | 12498.6977 | -0.0049
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Table A7.20. Measured rotational transition frequencies (vobs) for the isotopologue of D2W with full
deuterated water and residual (Vobs-Vcarc) for the fit of table A7.5 (frequencies in MHz).

]’ Ka’ K¢’ I’ Ka” Ke” Vobs Vobs-Vcalc
7418.7487 | -0.0343
7201.3376 | -0.0432
8160.6195 0.0016
8070.1305 0.0024
7726.7015 0.0104
7821.9167 0.0041
7845.4183 | -0.0035
9108.2720 | -0.0104

10099.2206 0.0026
8950.2476 | -0.0259
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10200.3787 | -0.0032
9608.1553 | 0.0287
9789.3919 | -0.0063
9868.7922 | -0.0177

10777.1455 |  0.0257

11955.4435 | 0.0052

10679.2543 | 0.0021

12313.0215 | -0.0166

11458.1930 | 0.0416

11750.4012 | -0.0052

11947.9361 | -0.0063

124475271 | 0.0108

13717.2030 | -0.0162

12393.1815 | 0.0159

14372.5975 | 0.0093

13274.0392 | 0.0281

13694.8508 | -0.0027

14088.9242 | 0.0147

14125.0263 | 0.0285

14096.9106 | 0.0067

16355.4965 | 0.0013

15055.8393 | -0.0467

16269.8347 | -0.0065

15613.0021 | 0.0121

15794.3254 | -0.0231

15808.1781 | -0.0044
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Table A7.21. Measured rotational transition frequencies (Vobs) for the isotopologue of DFM2-D’OH
(primed H involved in HB) and residual (Vobs-Vcaic) for the fit of table A7.5 (frequencies in MHz).

r Ka’ Ke I Ka” Kc” Vobs Vobs-Vcalc
7507.0156 0.0071
8214.2826 0.0100
7276.9844 0.0106
8096.2869 0.0130
7786.9691 0.0050
7872.6475 | -0.0199
7891.4227 | -0.0209
9225.8275 0.0030

10180.7371 0.0055
9049.4887 0.0067

10232.8239 0.0126
9690.0247 0.0272
9853.6896 0.0078
9917.4847 | -0.0028
9837.4916 | -0.0304

10918.5266 | -0.0042

12076.0667 | -0.0200

10802.9077 0.0086

12362.8381 | -0.0098

11565.4404 | -0.0012

11991.8438 | -0.0109

11831.1694 0.0140

11835.5988 0.0050
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11827.0603 | 0.0016
12609.1489 | 0.0071
13885.8502 | -0.0503
12541.2188 | -0.0237
14451.8035 | -0.0054
13410.3876 | -0.0314
13796.5885 | 0.0002
14124.0427 | 0.0079
13824.8755 | 0.0212
13852.5670 | -0.0161
14305.9465 | 0.0046
15615.4096 | 0.0126
14268.9182 | 0.0038
16477.1816 | 0.0035
15224.3581 | 0.0062
15741.3502 | 0.0060
15827.7031 | 0.0272
15900.7553 | -0.0118
16008.8706 | -0.0019
17293.3003 | 0.0086
15989.6652 | -0.0024

7941.5973 | 0.0027

6393.4258 | 0.0059

6842.3994 | 0.0118

7491.8827 | -0.0096

7765.4785 | 0.0212

8791.2525 | 0.0141

9205.6376 | -0.0005

9484.0800 | 0.0118
10660.2702 | -0.0170
10795.5015 | -0.0075
11061.1475 | 0.0047
12019.0151 | -0.0140
12056.7600 | 0.0208
13897.1504 | -0.0083
14087.3316 | 0.0008
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Table A7.22. Measured rotational transition frequencies (Vobs) for the isotopologue of DFM2-H’OD
(primed H involved in HB) and residual (Vobs-Vcaic) for the fit of table A7.5 (frequencies in MHz).

]’ Ka’ K’ J” Ky” K¢” Vobs Vobs-Vcalc
7430.4700 0.0070
7208.2922 | -0.0003
8167.1048 | -0.0034
7733.1157 -0.0035
8068.2034 0.0071
7826.6063 0.0321
7848.6679 0.0073
9124.1643 0.0101
8960.2080 0.0014

10111.5710 | -0.0012
9618.3722 | -0.0074

10198.9653 0.0060
9870.7634 0.0078
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9796.0341 | -0.0113
10795.6402 | 0.0120
10692.4141 | -0.0047
11977.0058 | -0.0079
11473.5602 | -0.0034
12315.5504 | -0.0136
11946.6948 | -0.0395
11760.2873 | 0.0066
12467.7738 | -0.0186
12409.5346 | -0.0181
13750.5873 | -0.0019
13295.9202 | 0.0036
14382.8115 | 0.0181
13709.7289 | -0.0088
14083.9035 | 0.0115
14146.9628 | 0.0162
14116.3750 | 0.0012
15444.2531 | -0.0082
15085.4322 | 0.0144
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Table A7.23. Measured rotational transition frequencies (vobs) for the parent species of D2W2 and
residual (Vobs-Vearc) for the fit of table A7.6 (frequencies in MHz).

J’ Ka’ K’ J” Ky K¢” Vobs Vobs-Vcalc

2854.1958 0.0004
2917.3231 0.0002
2986.8750 0.0004
4367.9785 | -0.0038
4279.3003 | -0.0021
4478.2051 | -0.0036
4393.5755 0.0139
4380.8131 0.0187
5809.3230 | -0.0035
5702.1519 | -0.0029
5966.8793 | -0.0033
5838.4841 | -0.0029
5870.0758 | -0.0034
5847.1977 0.0142
5847.7656 0.0018
7239.1106 | -0.0019
7122.2159 | -0.0008
7451.7770 | -0.0040
7355.8730 | -0.0032
7293.9802 | -0.0020
7313.2438 | -0.0007
7311.2204 | -0.0003
7308.4621 | -0.0022
7308.4578 0.0129
8656.3842 | -0.0011
8539.1199 0.0000
8931.5912 | -0.0012
8931.5907 | -0.0017
8746.7445 | -0.0021
8851.3211 | -0.0002
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6 3 4 5 3 3 8776.2626 | 0.0006
6 3 3 5 3 2 8781.6244 | -0.0010
6 4 3 5 4 2 8772.3034 | 0.0355
6 4 2 5 4 1 8772.3034 | -0.0517
6 5 2 5 5 1 8769.6377 | 0.0085
6 5 1 5 5 0 8769.6377 | 0.0080
7 0 7 6 0 6| 10061.9376 | -0.0012
7 1 7 6 1 6 9952.6755 | -0.0034
7 1 6 6 1 5| 10404.7758 | -0.0022
7 2 6 6 2 5| 10196.2694 | 0.0011
7 2 5 6 2 4| 10355.0075 | -0.0004
7 3 5 6 3 4| 10242.0650 | 0.0013
7 3 4 6 3 3| 10254.0075 | -0.0013
7 4 4 6 4 3| 10237.2080 | -0.0022
7 4 3 6 4 2| 10237.5023 | 0.0027
7 5 3 6 5 2 | 10233.0036 | 0.0037
7 5 2 6 5 1| 10233.0036 | 0.0007
8 0 8 7 0 7| 11458.2013 | 0.0038
8 1 8 7 1 7| 11362.8963 | 0.0059
8 1 7 7 1 6| 11869.5758 | -0.0006
8 2 7 7 2 6| 11642.0724 | 0.0014
8 2 6 7 2 5| 11863.8611 | 0.0081
8 3 6 7 3 5| 11708.2025 | 0.0007
8 3 5 7 3 4| 11731.7241 | 0.0063
8 4 5 7 4 4| 11703.4028 | 0.0065
8 4 4 7 4 3| 11704.1971 | 0.0088
8 5 4 7 5 3| 11697.2050 | 0.0210
8 5 3 7 5 2| 11697.2050 | 0.0089
9 0 9 8 0 8| 12848.4249 | 0.0068
9 1 9 8 1 8| 12769.9138 | 0.0028
9 1 8 8 1 7| 13324.0961 | 0.0072
9 2 8 8 2 7| 13083.7241 | -0.0081
9 2 7 8 2 6| 13373.8696 | 0.0014
9 3 7 8 3 6| 13174.0912 | -0.0035
9 3 6 8 3 5| 13216.2142 | 0.0059
9 4 6 8 4 5| 13170.8982 | 0.0006
9 4 5 8 4 4| 13172.7824 | -0.0020
10 0 10 9 0 9| 14235.6606 | -0.0038
10 1 10 9 1 9| 14174.0173 | -0.0040
10 1 9 9 1 8| 14766.4882 | -0.0053
10 2 9 9 2 8| 14520.9042 | 0.0001
10 2 8 9 2 7| 14881.1469 | -0.0048
10 3 8 9 3 7| 14639.0525 | 0.0109
10 3 7 9 3 6 | 14708.8505 | -0.0006
11 0 11] 10 0 10 | 15622.1426 | -0.0007
11 1 11] 10 1 10 | 15575.5787 | -0.0016
11 1 10| 10 1 9| 16195.4178 | -0.0033
3 1 3 2 0 2 5212.2750 | -0.0009
4 1 4 3 0 3 6546.4436 | -0.0048
5 1 5 4 0 4 7859.3373 | -0.0014
6 1 6 5 0 5 9159.3459 | -0.0001
7 1 7 6 0 6| 10455.6416 | 0.0019
8 1 8 7 0 7| 11756.6001 | 0.0088
9 1 9 8 0 8| 13068.2964 | -0.0084
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4 0 4 3 1 3 4965.0359 | 0.0030
5 0 5 4 1 4 6501.9862 | -0.0045
6 0 6 5 1 5 8036.1557 | -0.0034
7 0 7 6 1 6 9558.9761 | -0.0018
8 0 8 7 1 7| 11064.4995 | 0.0029
9 0 9 8 1 8 | 12550.0412 | 0.0169
2 2 1 1 1 0 5975.0731 | -0.0023
2 2 0 1 1 1 6044.6224 | -0.0003
3 2 1 2 1 2 7583.9850 | -0.0039
3 2 2 2 1 1 7368.9905 | -0.0047
4 2 3 3 1 2 8729.2729 | -0.0008
4 2 2 3 1 3 9174.7658 | 0.0000
5 2 4 4 1 3| 10056.3736 | 0.0004
5 2 3 4 1 4| 10828.4840 | -0.0032
6 2 5 5 1 4| 11351.3367 | -0.0022
6 2 4 5 1 5| 12557.5956 | 0.0039
7 2 6 6 1 5| 12616.0215 | 0.0068
8 2 7 7 1 6| 13853.3127 | 0.0050
3 3 0 2 2 1 9528.6671 | 0.0025
3 3 1 2 2 0 9525.3661 | 0.0030
4 3 2 3 2 1| 10978.9857 | 0.0007
4 3 1 3 2 2| 10995.6394 | 0.0055
5 3 3 4 2 2| 12420.1325 | 0.0061
5 3 2 4 2 3| 12470.3920 | 0.0007
6 3 4 5 2 3| 13840.4976 | -0.0146
6 3 3 5 2 4| 13958.0345 | 0.0000
7 3 4 6 2 5| 15465.2945 | -0.0023
7 3 5 6 2 4| 15231.2389 | -0.0157
8 3 5 7 2 6| 17000.7444 | -0.0019
8 3 6 7 2 5| 16584.4323 | -0.0162
3 1 2 2 0 2 5610.2032 | -0.0009
4 1 3 3 0 3 7209.1019 | -0.0026
5 1 4 4 0 4 8851.5552 | -0.0037
6 1 5 5 0 5| 10544.0316 | -0.0073
7 1 6 6 0 6 | 12292.4298 | -0.0018
8 1 7 7 0 7| 14100.0616 | -0.0077
9 1 8 8 0 8| 15965.9751 | 0.0145
2 2 0 1 1 0 5978.2811 | 0.0012
2 2 1 1 1 1 6041.4176 | -0.0006
3 2 1 2 1 1 7384.9667 | -0.0002
3 2 2 2 1 2 7568.0259 | 0.0087
4 2 2 3 1 2 8776.8364 | -0.0012
4 2 3 3 1 3 9127.2003 | -0.0016
5 2 3 4 1 3| 10165.8283 | -0.0028
5 2 4 4 1 4| 10719.0264 | -0.0030
6 2 4 5 1 4| 11565.3713 | -0.0002
6 2 5 5 1 5| 12343.5579 | -0.0012
7 2 5 6 1 5| 12988.7890 | 0.0020
7 2 6 6 1 6 | 14000.7013 | -0.0063
8 2 6 7 1 6 | 14447.8573 | -0.0047
9 2 7 8 1 7| 159521416 | -0.0122
3 3 0 2 2 0 9525.4699 | 0.0100
3 3 1 2 2 1 9528.5710 | 0.0033
4 3 1 3 2 1| 10979.6684 | 0.0062
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10994.9604 | 0.0036
12422.8352 | 0.0078
12467.6937 | 0.0034
13848.5747 | -0.0019
13949.9748 | 0.0047
15251.2579 | -0.0062
15445.2838 | -0.0035
16627.9706 | -0.0035
16957.2127 | -0.0081
15964.6684 | 0.0045
15967.2485 | -0.0074
17420.5340 | -0.0042
17428.2026 | -0.0016
5108.9019 | -0.0040
5157.1563 | 0.0094
5064.2537 | 0.0035
5176.4172 | 0.0081
4989.1995 | 0.0085
5211.2954 | 0.0074
4876.2507 |  0.0040
5269.0365 | 0.0080
5839.3259 | -0.0087
7043.9368 | -0.0020
8174.2922 | 0.0071
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Table A7.24. Measured rotational transition frequencies (Vobs) for the D2W2 with full deuterated
water and residual (Vons-Vcaic) for the fit of table A7.6 (frequencies in MHz).

J’ Ka’ K’ J” Ky K¢” Vobs Vobs-Vcalc
9869.7600 | -0.0103
8492.5247 0.0022
7103.7540 0.0056

11238.4386 | -0.0175

12602.1267 0.0099

13963.7965 0.0459

15325.2765 | -0.0081
8383.0932 0.0039
6992.5358 0.0046
9770.1913 | -0.0056

11153.8822 | -0.0222

12534.4374 0.0059

13912.1139 | -0.0056

15287.3699 | -0.0070
8769.0788 0.0062
7317.1008 0.0091

10213.7899 | -0.0072

11649.2845 | -0.0321

13073.5851 0.0010

14484.7548 | -0.0133

15881.7413 -0.0136
7162.3128 0.0124
7228.4465 0.0079
8588.3282 0.0093
8699.4381 0.0132
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7 2 6 6 2 5| 10010.8723 | -0.0100
7 2 5 6 2 4| 10178.2079 | -0.0184
8 2 7 7 2 6 | 11429.4777 | -0.0170
8 2 6 7 2 5| 11661.1573 | -0.0003
9 2 8 8 2 7| 12843.7421 | 0.0152
9 2 7 8 2 6| 13143.8679 | 0.0007
10 2 9 9 2 8 | 14253.2411 | -0.0012
10 2 8 9 2 7| 14622.4336 | 0.0264
11 2 10| 10 2 9| 15657.8204 | -0.0014
5 3 3 4 3 2 7180.7190 | 0.0138
6 3 4 5 3 3 8619.7802 | 0.0131
6 3 3 5 3 2 8626.0620 | 0.0159
7 3 5 6 3 4| 10059.5316 | -0.0085
7 3 4 6 3 3| 10073.5173 | 0.0182
8 3 6 7 3 5| 11499.5397 | 0.0194
8 3 5 7 3 4| 11526.9325 | 0.0129
9 3 6 8 3 5| 12987.8398 | -0.0432
9 3 7 8 3 6| 12939.0567 | 0.0193
10 3 8 9 3 7| 14377.3141 | 0.0086
10 3 7 9 3 6 | 14457.7279 | -0.0088
5 4 2 4 4 1 7177.7282 | -0.0302
5 4 1 4 4 0 7177.7282 | -0.0550
6 4 3 5 4 2 8615.6789 | 0.0375
6 4 2 5 4 1 8615.6789 | -0.0740
7 4 4 6 4 3| 10054.7360 | -0.0038
7 4 3 6 4 2| 10055.1201 | 0.0102
8 4 5 7 4 4| 11495.1832 | 0.0055
8 4 4 7 4 3| 11496.1933 | 0.0036
9 4 6 8 4 5| 12937.0561 | 0.0430
9 4 5 8 4 4| 12939.4670 | 0.0457
9 5 5 8 5 4| 12927.7705 | -0.0219
9 5 4 8 5 3| 12927.8173 | -0.0296
5 1 4 4 0 4 8616.1691 | -0.0012
4 1 3 3 0 3 7001.2034 | -0.0057
7 1 6 6 0 6 | 12002.7598 | -0.0094
6 1 5 5 0 5| 10281.5032 | 0.0088
3 2 1 2 1 1 7012.4923 | -0.0293
3 2 2 2 1 2 7191.5912 | 0.0163
4 2 2 3 1 2 8381.8159 | -0.0003
4 2 3 3 1 3 8723.0876 | 0.0112
5 2 3 4 1 3 9750.7020 | 0.0144
5 2 4 4 1 4| 10286.6931 | -0.0124
6 2 4 5 1 4| 11133.0413 | 0.0206
6 2 5 5 1 5| 11882.4908 | -0.0023
7 2 5 6 1 5| 12542.1557 | -0.0188
7 2 5 6 1 5| 125422024 | 0.0279
8 2 6 7 1 6 | 13989.5074 | -0.0275
5 1 5 4 0 4 7638.4309 | 0.0184
7 1 7 6 0 6 | 10195.4052 | -0.0226
8 1 8 7 0 7| 11479.5553 | -0.0066
6 0 6 5 1 5 7957.8461 | -0.0123
7 0 7 6 1 6 9444.5216 | -0.0178
8 0 8 7 1 7] 10912.8096 | 0.0110
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Table A7.25. Measured rotational transition frequencies (vobs) for the D13 isotopologue of D2W?2
and residual (Vobs-Vcaic) for the fit of table A7.6 (frequencies in MHz).

J’ Ka’ K¢’ J” Ky K¢ Vobs Vobs-Vcalc
7195.8986 | -0.0014
7079.4521 | -0.0018
7414.9704 | -0.0032
7254.7321 0.0086
7321.1365 0.0071
8602.7202 | -0.0020
8487.3233 0.0000
8886.5457 | -0.0036
8699.2019 0.0007
8810.9974 0.0008
8730.8070 0.0049
9997.6075 0.0036
9891.6779 | -0.0045

10350.8961 | -0.0091

10140.1996 | -0.0077

10309.0725 | -0.0044

10202.7217 | -0.0025

10189.1603 0.0058

11383.4011 0.0074

11292.5673 0.0054

11806.1217 0.0132

11577.2151 | -0.0236

11811.8111 0.0075
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Table A7.26. Measured rotational transition frequencies (Vobs) for the D14 isotopologue of D2W?2
and residual (Vobs-Vcaic) for the fit of table A7.6 (frequencies in MHz).

]’ Ka’ K’ J” Ky K¢” Vobs Vobs-Vcalc
7087.1645 | -0.0074
7202.4620 | -0.0126
7256.7389 | -0.0053
7317.9675 | -0.0060
8497.1533 0.0022
8612.7585 | -0.0046
8884.5792 | -0.0044
8805.5544 | -0.0112
8736.6167 | -0.0054
8731.3160 0.0112
9903.8278 0.0021

10011.4979 0.0165

10144.3152 0.0093

10301.2860 | -0.0034

10350.1358 0.0410

11307.1995 0.0060

11401.0326 | -0.0051

11802.0770 | -0.0079

11807.2921 | -0.0121

12707.4329 0.0221

12784.6258 | -0.0305
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Table A7.27. Measured rotational transition frequencies (Vobs) for the D13,14 isotopologue of
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D2W?2 and residual (Vobs-Vcalc) for the fit of table A7.6 (frequencies in MHz).

]’ Ka’ K¢’ I Ka” K’ Vobs Vobs-Vcalc
7 1 7 6 1 6 9845.7336 | -0.0153
6 1 6 5 1 5 8447.8559 0.0018
5 1 5 4 1 4 7046.4866 | -0.0006
7 0 7 6 0 6 9950.1493 | -0.0067
5 0 5 4 0 4 7161.3982 0.0113
8 0 8 7 0 7| 11329.6692 | -0.0008
9 0 9 8 0 8| 12703.7247 0.0054
6 1 5 5 1 4 8842.1840 | -0.0365
5 1 4 4 1 3 7377.9051 0.0185
8 1 8 7 1 7| 11240.2319 0.0308
8 1 7 7 1 6| 11747.6086 0.0126
9 1 9 8 1 8| 12631.3889 | -0.0198
5 2 3 4 2 2 7285.3870 0.0113
5 2 4 4 2 3 7219.6284 | -0.0100

Table A7.28. Measured rotational transition frequencies (vobs) for the D15,16 isotopologue of

D2W?2 and residual (Vobs-Vcaic) for the fit of table A7.6 (frequencies in MHz).

r Ka® Ke 7 Ka” Kc” Vobs Vobs-Vcalc
5 1 5 4 1 4 7065.2094 | -0.0234
6 1 6 5 1 5 8470.5356 0.0132
7 1 7 6 1 6 9872.4573 0.0175
8 1 8 7 1 7| 11271.0048 | -0.0279
5 1 4 4 1 3 7397.4547 | -0.0003
6 1 5 5 1 4 8865.8232 0.0008
7 1 6 6 1 5| 10327.1548 | -0.0131
5 0 5 4 0 4 7180.4399 0.0302
8 1 7 7 1 6| 11779.6193 | -0.0039
9 0 9 8 0 8| 12739.3679 0.0052
5 2 3 4 2 2 7305.0094 0.0117
6 2 5 5 2 4 8681.0678 | -0.0347
6 2 4 5 2 3 8791.4616 0.0085
I 2 6 6 2 5| 10119.4398 | -0.0112
8 2 7 7 2 6| 11554.0306 0.0297

Table A7.29. Measured rotational transition frequencies (vobs) for the D13,14,16 isotopologue of

D2W?2 and residual (Vobs-Vcaic) for the fit of table A7.6 (frequencies in MHz).

r Ka’ Ke I Ka” Kc” Vobs Vobs-Vcalc
5 0 5 4 0 4 7116.0757 0.0014
5 1 5 4 1 4 7002.7034 0.0034
5 1 4 4 1 3 7333.9267 0.0040
5 2 3 4 2 2 7243.6306 | -0.0081
5 2 4 4 2 3 7175.9756 | -0.0120
6 0 6 5 0 5 8506.6051 0.0082
6 1 6 5 1 5 8395.1073 | -0.0037
6 2 5 5 2 4 8604.5845 | -0.0061
6 2 4 5 2 3 8718.2153 0.0032
6 3 4 5 3 3 8636.7643 | -0.0082
6 3 3 5 3 2 8643.2172 0.0073
7 0 7 6 0 6 9885.3580 | -0.0031
7 1 7 6 1 6 9783.9989 0.0030
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7 1 6 6 1 5| 10236.6293 | 0.0034
7 2 5 6 2 4| 10200.7404 | 0.0004
8 1 8 7 1 7] 11169.3998 | -0.0082
8 0 8 7 0 7| 112554119 | 0.0021
8 1 7 7 1 6| 11674.8373 | 0.0019
9 1 8 8 1 7| 131015170 | -0.0110
8 2 7 7 2 6| 11450.7023 | 0.0198
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VI1Il. The Borderline between Reactivity and Pre-reactivity of

Binary Mixtures of Gaseous Carboxylic Acids and Alcohols

A8.1. Table of the experimental Signal/Noise ratio.

Table A8.1. Theoretical main dipole moment component (b2plypd3/ mAug-cc-pVTZ) and
experimental S/N ratio observed for the strongest transitions of the species listed in table A8.1
and 8.2.

Main dipole moment component (D) SIN
HCOOH - CH30H (C1) Hk=12 Not observed
Methylformate Hk=1.6 >200
HCOOH - CH3;CH2OH (C2a) r=13 Not observed
Ethylformate H=18 >400
HCOOH - (CH3);CHOH (C3a) H=17 Not observed
Isopropylformate H=18 >350
HCOOH - cy-CgH110H (C5a) H=20 Not observed
Cyclo-hexylformate ®=19 >100
CF3;COOH - CH3;0H (C6) =43 Not observed
Methyl-Trifluoroacetate Ww=29 >250
HCOOH - (CH3);COH (C4) k=19 >30
tert-butylformate =21 Not observed
HCOOH - cy-C3H4CH3;0OH k=14 >45
(C7a)
1-methyl-cyclopropylformate =16 Not observed
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A8.2. Schemes of theoretical reaction profiles for 4 additional cases:
HCOOH + CgHy;;OH, CF;COOH + CH30H, HCOOH + C3H,CH30H,

and (CH3)3CCOOH + CH3;0H.
Energies Including TS53
40| ZPE correction 39.70 5168~ Pa. -
AG (kcal/mol) - 58 35.43
J /’} 36 98 48 48 49 /(},/( 1 ] 27 75
30 - QY“ 30 - fZJ TS6 @
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+ v m ) + i B
! CSb : _.
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= o ,.)H’ -2.70 -0.34 T 0 - o3 % . Ester6
0 ~.. -9.56 0._27 i 0 L -6.42
A4 9,71 0.14 o e ".-10.43/ 473
-9.71 -0.14 -0.98
TS7b
40 - TS7a 37.95 48.70 & 40 TS8 233‘3‘
‘?4" 2(‘ s 37524955 % -p 1 X A 7
- v ; 3 - ‘ . ' .2'
o4, o § 30 ‘m ’“ﬁﬁ
20 - y{ C7b v 04 |, w
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104 HCOOH {#y 10 (CH,),COOH WL
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04 —.. C7a 0 BPe L ©-4.98
0 .9.38 063 C7b 0 oo B :
- -1053 -0.47 C7a 0 0.62

Reaction coordinates

A8.3. Energy values for all reactions.

Table A8.2. Absolute (A.E.E.),

relative electronic (R.E.E.), zero-point corrections (ZPE),

absolute (A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the
HCOOH + CH3OH reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E. for the
C1 species is BSSE corrected.

HCOOH + CH30H

A.E.E. R.E.E. ZPE A.E.EE+ZPE | RE.E+ZPE
(hartrees) (kcal/mol) (hartrees) (hartrees) (kcal/mol)
HCOOH -189.715146 0.033806 -189.681340
CHs0OH -115.679504 0.051574 -115.627930
HCOOH+CH;0H -305.394650 0.00 -305.309270 0.00
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C1 -305.411785 -10.75 0.088386 -305.323398 -8.87

TS1 -305.332050 39.28 0.083063 -305.248987 37.83
Ester -228.990075 0.062313 -228.927762
H20 -76.411052 0.021409 -76.389643

Ester + H,O -305.401127 -4.06 -305.317405 -5.10

Table A8.3. Absolute (A.E.E.), relative electronic (R.E.E.), zero-point corrections (ZPE),
absolute (A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the
HCOOH + CH3sCH20OH reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E.
for the C2a, C2b and C2c species are BSSE corrected.

HCOOH + CH3;CH,0OH
A.E.E. R.E.E. ZPE A.E.E.+ ZPE R.E.E.+
(hartrees) (kcal/m (hartrees) (hartrees) ZPE
ol) (kcal/mol)
HCOOH -189.7151455 0.03380552 -189.68134
CH3CH;0OH -154.9731447 0.08031574 -154.892829
HCOOH+CH3CH,OH | -344.6882903 0.00 -344.574169 0.00
C2a -344.7056158 -10.87 0.11692183 -344.588694 -9.11
C2b -344.7055911 -10.86 0.11698516 -344.588606 -9.06
C2c -344.7055575 -10.84 0.11703560 -344.588522 -9.01
TS2a -344.6253015 39.53 0.11160852 -344.513693 37.95
TS2b -344.6260849 39.03 0.11174494 -344.51434 37.54
Ester2a -268.2835070 0.09081401 -268.192693
Ester2b -268.2832671 0.09104015 -268.192227
H.O -76.4110522 0.02140921 -76.389643
Ester2a + H,O -344.6945592 -3.93 -344.582336 -5.12
Ester2b + H,O -344.6943194 -3.78 -344.58187 -4.83
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Table A8.4. Absolute (A.E.E.), relative electronic (R.E.E.), zero-point corrections (ZPE),
absolute (A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the
HCOOH + (CH3)CHOH reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E.
for the C3a, C3b and C3c species are BSSE corrected.

HCOOH +
(CHs3).CHOH
A.E.E. R.E.E. ZPE A.E.E.+ ZPE R.E.E.+ ZPE
(hartrees) (kcal/mol) | (hartrees) (hartrees) (kcal/mol)
HCOOH -189.715146 0.03380552 | -189.68134

(CH3).CHOH -194.267201 0.10839289 | -194.158808
HCOOH+(CHj3),CHO -383.982346 0.00 -383.840148 0.00
C|_3|a -384.000408 -11.33 0.14487245 | -383.855535 -9.66
C3b -384.000436 -11.35 0.14493615 | -383.855499 -9.63
C3c -384.000058 -11.11 0.14493024 | -383.855128 -9.40
TS3 -383.920441 38.85 0.13965866 | -383.780782 37.25

Ester3 -307.577696 0.11888678 | -307.458809

H20 -76.4110522 0.02140921 -76.389643
Ester3 + H,O -383.988748 -4.02 -383.848452 -5.21

Table A8.5. Absolute (A.E.E.), relative electronic (R.E.E.), zero-point corrections (ZPE),
absolute (A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the
HCOOH + (CH3)3COH reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E.
for the C4 species are BSSE corrected.

HCOOH + (CH3)sCOH
A.E.E. R.E.E. ZPE A.E.EE+ZPE | REE.+ZPE
(hartrees) (kcal/mol) | (hartrees) (hartrees) (kcal/mol)
HCOOH -189.7151455 0.03380552 | -189.68134
(CH3):COH -233.56172 0.13608798 | -233.425632
HCOOH+(CH3);COH -423.2768655 0.00 -423.106972 0.00
C4 -423.2948832 -11.31 0.17252976 | -423.122353 -9.65
TS4 -423.2108745 41.41 0.16728246 | -423.043592 39.77
Esterd -346.8682852 0.1465032 | -346.721782
H20 -76.41105221 0.02140921 -76.389643
Ester4+H,0 -423.2793374 -1.55 -423.111425 -2.79
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Table A8.6. Absolute (A.E.E.), relative electronic (R.E.E.), zero-point corrections (ZPE),
absolute (A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the
HCOOH + C¢H11:0H reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E. for
the Cba, C5b and C5c¢ species are BSSE corrected.

HCOOH + C¢H1,OH
A.E.E. R.E.E. ZPE A.E.E.+ ZPE R.E.E.+ ZPE
(hartrees) (kcal/mol) (hartrees) (hartrees) (kcal/mol)
HCOOH -189.7151455 0.03380552 | -189.681340
CeHuOH -310.9380168 0.17531683 | -310.762700
HCOOH+CgH1:OH -500.6531623 0.00 -500.444040 0.00
Cb5a -500.6712728 -11.36 0.21175883 | -500.459514 -9.71
C5b -500.6712985 -11.38 0.21178752 | -500.459511 -9.71
C5c -500.6711065 -11.26 0.21182545 | -500.459281 -9.56
TSba -500.5915765 38.65 0.20647152 | -500.385105 36.98
TS5b -500.5873070 41.32 0.20653897 | -500.380768 39.70
Esterba -424.2485699 0.18577194 | -424.062798
Ester5b -424.2446278 0.18592078 | -424.058707
H20 -76.41105221 0.02140921 -76.3896430
Ester5a+H.0 -500.6596222 -4.05 -500.452441 -5.27
Ester5b+H,0 -500.6556800 -1.58 -500.448350 -2.70

Table A8.7. Absolute (A.E.E.), relative electronic (R.E.E.), zero-point corrections (ZPE),
absolute (A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the
CF3COOH + CH3OH reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E. for
the C6 species are BSSE corrected.

CF;COOH + CH3;0OH
A.EE. R.E.E. ZPE A.E.E+ ZPE R.E.E.+ ZPE
(hartrees) (kcal/mol) | (hartrees) (hartrees) (kcal/mol)
CFsCOOH -526.709072 0.03897128 | -526.670101
CHsOH -115.679504 0.05157436 | -115.62793
CF;COOH+CH30H -642.388577 0.00 -642.298031 0.00
C6 -642.407629 -11.96 0.09297904 | -642.31465 -10.43
TS6 -642.329688 36.95 0.08811055 | -642.241577 35.43
Ester6 -565.985824 0.06720917 | -565.918615
H20 -76.4110522 0.02140921 -76.389643
Ester6+H,0 -642.396876 -5.21 -642.308258 -6.42
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Table A8.8. Absolute (A.E.E.), relative electronic (R.E.E.), zero-point corrections (ZPE), absolute
(A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the HCOOH +
(CsH4)CH30H reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E. for the C7a
and C7b species are BSSE corrected.

HCOOH +
(C3H4)CH3OH
A.E.E. R.E.E. ZPE A.E.E.+ ZPE R.E.E.+ ZPE
(hartrees) (kcal/mol) (hartrees) (hartrees) (kcal/mol)
HCOOH -189.715146 0.03380552 | -189.68134

(CsH4)CH30H -232.315919 0.1135023 | -232.202417
HCOOH+(C3sH4)CH30 | -422.031065 0.00 -421.883757 0.00
Cga -422.050937 -12.47 0.15040515 | -421.900532 -10.53
C7b -422.048991 -11.25 0.1502905 | -421.898701 -9.38
TS7a -421.968962 38.97 0.14498931 | -421.823973 37.52
TS7b -421.968154 39.48 0.1448784 | -421.823276 37.95

Ester7 -345.625223 0.12423743 | -345.500986

H20 -76.4110522 0.02140921 -76.389643
Ester7+H,0 -422.036276 -3.27 -421.890629 -4.31

Table A8.9. Absolute (A.E.E.), relative electronic (R.E.E.), zero-point corrections (ZPE), absolute
(A.E.E.+ ZPE) and relative (R.E.E. + ZPE) zero-point corrected energies for the (CH3)sCCOOH +
CH3OH reaction, calculated at B2PLYP-D3/mAug-cc-pVTZ level. The A.E.E. for the C8 species

are BSSE corrected.

(CH3)3CCOOH +
CH;OH
A.EE. R.E.E. ZPE A.E.E+ ZPE R.E.E.+ ZPE
(hartrees) (kcal/mol) (hartrees) (hartrees) (kcal/mol)
(CH3)sCOOH -346.885268 0.14705398 | -346.738214
CHsOH -115.6795044 0.05157436 | -115.62793
(CH3);COOH+CH3O | -462.5647723 0.00 -462.366144 0.00
CI:_|8 -462.5819252 -10.76 0.20133147 | -462.380594 -9.07
TS8 -462.5049136 37.56 0.19571965 | -462.309194 35.74
Ester8 -386.159575 0.17514297 | -385.984432
H.0 -76.41105221 0.02140921 -76.389643
Ester8+H,0 -462.5706272 -3.67 -462.374075 -4.98
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A8.3. Tables of free energies.

Table A8.10. Absolute and relative AG values for the HCOOH + CH3OH reaction, calculated at
B2PLYP- D3/mAug-cc-pVTZ level. The absolute G value for the C1 species is BSSE corrected.

HCOOH +CH3;0H
AG
Absolute Relative
(hartrees) (kcal/mol)
HCOOH -189.705421
CH30OH -115.650714
HCOOH+CH3;0OH -305.356135 0.00
C1 -305.355181 0.60
TS1 -305.278792 48.53
Ester -228.954528
H20 -76.407283
Ester + H,O -305.361811 -3.56

Table A8.11. Absolute and relative AG values for the HCOOH + CH3CH20OH reaction, calculated
at B2PLYP-D3/mAug-cc-pVTZ level. The absolute G values for the C2a, C2b and C2c species
are BSSE corrected.

HCOOH + CH3CH,OH
AG
Absolute Relative
(hartrees) (kcal/mol)
HCOOH -189.705421
CHsCHOH -154.918269
HCOOH+CH3CH,OH | -344.62369 0.00
C2a -344.622434 0.79
C2b -344.623039 041
C2c -344.622837 0.54
TSa -344.54671 48.31
TSb -344.545855 48.84
Ester2a -268.221822
Ester2b -268.221065
H2.0 -76.407283
Ester2a + H,O -344.629105 -3.40




Ester2b + H,O -344.628348 -2.92

Table A8.12. Absolute and relative AG values for the HCOOH + (CH3).CHOH reaction,
calculated at B2PLYP-D3/mAug-cc-pVTZ level. The absolute G values for the C3a, C3b and
C3c species are BSSE corrected.

HCOOH + (CH3),CHOH
AG
Absolute Relative
(hartrees) (kcal/mol)
HCOOH -189.705421
(CH3).CHOH -194.186244
HCOOH+(CH3).CHOH | -383.891665 0.00
C3a -383.891781 -0.07
C3b -383.890940 0.45
C3c -383.891310 0.22
TS3 -383.814055 48.70
Ester3 -307.489485
H20 -76.407283
Ester3 + H,O -383.896768 -3.20

Table A8.13. Absolute and relative AG values for the HCOOH + (CH3)3sCOH reaction, calculated
at B2PLYP-D3/mAug-cc-pVTZ level. The absolute G value for the C4 species is BSSE corrected.

HCOOH + (CH3)sCOH
AG
Absolute Relative
(hartrees) (kcal/mol)
HCOOH -189.705421
(CHs):COH -233.454623
HCOOH+(CH3)3:COH -423.160044 0.00
C4 -423.159625 0.26
TS4 -423.077670 51.69
Esterd -346.753582
H20 -76.407283
Ester4+H,0 -423.160865 -0.52
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Table A8.14. Absolute and relative AG values for the HCOOH+Cg¢H1:0H reaction, calculated at
B2PLYP- D3/mAug-cc-pVTZ level. The absolute G value for the C5a, C5b and C5c species are

BSSE corrected.
HCOOH+CgHuH
AG
Absolute Relative
(hartrees) (kcal/mol)
HCOOH -189.705421
CeHuOH -310.79311
HCOOH+C¢H1;OH -500.498531 0.00
Cb5a -500.498762 -0.14
C5b -500.498314 0.14
C5c -500.498104 0.27
TSbha -500.421262 48.49
TS5b -500.416177 51.68
Esterba -424.096355
Ester5b -424.091788
H20 -76.407283
Ester5a+H,0 -500.503638 -3.20
Ester5b+H,0 -500.499071 -0.34

Table A8.15. Absolute and relative AG values for the CFsCOOH + CH30H reaction, calculated
at B2PLYP- D3/mAug-cc-pVTZ level. The absolute G value for the C6 species is BSSE
corrected.

CF3COOH + CH3;0OH
AG
Absolute Relative
(hartrees) (kcal/mol)
CF;COOH -526.701462
CH3OH -115.650714
CF;COOH+CH3;0H -642.352176 0.00
C6 -642.353741 -0.98
TS6 -642.276874 47.25
Ester6 -565.952437
H20 -76.407283
Ester6+H,0 -642.359720 -4.73
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Table A8.16. Absolute and relative AG values for the HCOOH + (C3H4)CH3OH reaction,
calculated at B2PLYP-D3/mAug-cc-pVTZ level. The absolute G value for the C7a and C7b

species are BSSE corrected.

HCOOH + (C3H4)CH30OH
AG
Absolute Relative
(hartrees) (kcal/mol)
HCOOH -189.705421
(CsH4)CH30OH -232.230902
HCOOH+(C3H4)CHs0 -421.936323 0.00
C|_7|a -421.937074 -0.47
C7b -421.935326 0.63
TS7a -421.857359 49.55
TS7b -421.856789 49.91
Ester7a -345.532034
Ester7b -345.532034
H0 -76.407283
Ester7a+H,0O -421.939317 -1.88
Ester7b+H,0 -421.939317 -1.88

Table A8.17. Absolute and relative AG values for the (CH3)sCOOH + CH3OH reaction,
calculated at B2PLYP-D3/mAug-cc-pVTZ level. The absolute G value for the C8 species is
BSSE corrected.

(CHz3)3COOH + CH30H
AG
Absolute Relative
(hartrees) (kcal/mol)
(CHz3)sCOOH -526.701462
CH3OH -115.650714
(CH3);COOH+CH3;0H -642.352176 0.00
C8 -642.353741 0.62
TS8 -642.276874 47.73
Ester8 -565.952437
H2.0 -76.407283
Ester8+H,0 -642.359720 -3.25
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