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Abstract

Abstract

Microwave spectroscopy has been the most widely used and precisely tool to
obtain gas phase molecular structures. From the observed MW spectra, the rotational
constants can be derived, which directly depend on the mass distribution within a given
molecular systems. Thus, information obtained from the rotational spectra was routinely
related to bond lengths and valence angles. However, other chemical data, such as the
electronic environment of a given atom, information on the internal dynamics
(obtainable from tunneling splitting on the rotational energy levels) can also be derived
from the MW spectra. The combination of Fourier transform MW (FTMW)
spectroscopy with supersonic-jet expansions allowed studying the rotational spectra of
weakly bound molecular complexes, and thus the nature of non-covalent interaction,
e.g., hydrogen bond, weak hydrogen bond, halogen bond, and van deer Waals
interaction can be studied. The detailed and precise chemical information obtained from
MW spectroscopic studies will be helpful to understand many interesting chemical or
biological problems.

This thesis focuses on studying molecular structure and internal dynamics by using
pulsed jet Fourier transform microwave (PJ-FTMW) spectroscopy combined with
theoretical calculations. Several kinds of interesting chemical problems are investigated

by analyzing the MW spectra of the corresponding molecular systems.

First, the general aspects of rotational spectroscopy are summarized, and then the
basic theory on molecular rotation and experimental method are described briefly.
Theories on nuclear hyperfine structure in molecular rotational spectra arising from
interactions of the molecular fields with the nuclear quadrupolar moments, internal
rotation, and derivation of molecular structure are described. ab initio and density
function theory (DFT) calculations that used in this thesis to assist the assignment of
rotational spectrum are also included.

From chapter 3 to chapter 8, several molecular systems concerning different kind
of general chemical problems are presented. In chapter 3, the conformation and internal
motions of dimethyl sulfate are reported. The global minimum configuration of this
molecule was found to the form which has a C, symmetry with the two methyl groups
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nearly trans with respect to the two sulfuric oxygen atoms. The internal rotations of the
two methyl groups split each rotational transition into several components line, allowing
for the determination of accurate values of the V3 barrier height to internal rotation and
of the orientation of the methyl groups with respect to the principal axis system. The

geometry of the molecular skeleton is fully determined

In chapter 4 and 5, the results concerning two kinds of carboxylic acid bi-
molecules, formed via two strong hydrogen bonds, are presented. This kind of adduct is
interesting also because a double proton transfer can easily take place, connecting either
two equivalent or two non-equivalent molecular conformations. In the first case,
tunneling splitting is expected which leads to the determination of the potential energy
surface for the motion. The acrylic acid dimer is an example of this case: the barrier and
dynamics of the proton transfer were derived from the tunneling splittings. In the
second case, a conformational equilibrium is expected. As an example, in the acrylic
acid — formic acid dimer, two forms of this bi-molecule have been found. Their
molecular structures and the H — D isotopic effect of the carboxylic hydrogen on the

molecular structure has been quantified experimentally.

Chapter 6 concerns a medium strong hydrogen bonded molecular complex of
alcohol with ether. The dimer of ethanol-dimethylether was chosen as the model system
for this purpose. Both trans and gauche configuration of ethanol were preserved in the
complex, giving rise to a conformational equilibrium. A switch of the conformational
stability of ethanol is observed while forming the complex with dimethyl ether, with the
gauche form becoming the global minimum. The Ubbelohde effect upon the H — D
substitution of the hydroxyl hydrogen was quantitatively observed, which corresponds
to shrinkage of the OO distance of about 6 mA.

Chapter 7 focuses on weak halogenH hydrogen bond interaction. The nature of
O-HF and C-HCl interaction has been discussed through analyzing the rotational
spectra of CH3CHCIF/H,0. Information on molecular structure, quadrupole coupling

effects of the chlorine atom, and on the internal dynamics was obtained.

In chapter 8, two molecular complexes concerning the halogen bond interaction are
presented. The molecular complex of CF3Cl with water is effectively a symmetric top
and its two units are held together by an OCl halogen bond. A NCl halogen bond

interaction plays key role in forming the complex of CF;CIl with ammonia.
I
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Several other molecular systems were also studied during the thesis period
although they are not described in details in this thesis. For example, in 2-butynoic acid,
the methyl group undergoes almost free internal rotation. The rotational spectra of three
conformers of trimethoxylmethane with different symmetry were indentified. Each
conformer has very complex spectra because of the internal rotation of the three methyl
groups. The analysis of the internal rotation of the three methyl groups is in progress.
Other kinds of non-covalent interaction such as van der Waals interaction and oxygen
lone pair 'z interaction were also studied through the analysis of the rotational spectra
of small molecular complexes. The rotational spectrum has been assigned for one
conformer of a tetramer of a relative heavy asymmetric top, the tetramer of
difluoromethane.

Since all results of the studied molecular systems have been published. The

experimental transition frequencies can be found in the corresponding articles.






Chapter 1

Chapter 1 Introduction

1.1 Overview

Molecular spectroscopy, that the interaction of electromagnetic radiation with
matter, is one of the most widely used and important experimental probes for studying
the properties of molecular systems. For different kind of molecular process, the
transition energy corresponding to absorption or emission falls in different regions of
the electromagnetic spectrum. Normally, the transition energy between molecular
electronic energy levels corresponds to visible and ultraviolet radiation, molecular
vibrational transition energy falls in the region of infrared, while the energy involved in
molecular rotation falls in the microwave region. Rotational spectroscopy or microwave
(MW) spectroscopy is one of the most widely used and precise method to obtain the
molecular structure in gas phase.

1.2 Rotational spectroscopy

MW spectroscopy is used to investigate the rotation of molecule. Since the energy
of molecular rotation is related to the moment of inertia, which depends on the mass
distribution of the given molecular system, information on molecular structure can be
obtained from the rotational spectra.

Actually, the structural information is not the only information which can be
obtained from the rotational spectra: chemical information on electronic environment
from the nuclear quadrupole coupling which relates to the electronic field gradient at the
coupling nucleus, and internal dynamics which corresponds to the tunneling splitting of
the rotational transition sometime is also included in the spectrum.

Microwave spectroscopy is one of the most important experimental methods to
study conformational equilibria. In 1962, Hirota already reported the first MW
spectroscopic study on the conformational equilibrium between the gauche and trans
forms of propyl fluoride.lY) He found that the gauche conformer is more stable than the

1
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trans one by 1.96(13) kdmol™. Since then, many conformational equilibria have been
investigated by MW spectroscopy. The number of the conformers in a concerned

molecular system identified by MW spectroscopy reached 15 in the case of 1-octene.

MW spectroscopy is also a precise method to study tautomeric equilibira, present
in many interesting chemical and biological systems. MW spectroscopic studies already
provided meaningful evidence on the Keto-enolic equilibrium. Malonaledehyde was
found to adopt Cs symmetry in the enolic form with a low barrier to proton transfer.l®! In
the case of acetylacetone, a recent study shown the evidence for the C,, symmetry
though analyzing the totally symmetric tunneling A-state of the enolic species.”! Both
ketonic and enolic forms can be observed in 2-hydroxypyridine,™ with enolic form
being more stable than the ketonic form by 0.32(3) kimol™. Similarly, the ketonic form
of 4-hydroxypyrimidine is more stable than its enolic form by 2.0(9) kdmol™.¥ This
tautomeric equilibrium was also observed in 2-Mercaptopyridine..”

The combination of supersonic jet expansion with Fourier transform MW (FTMW)
makes the MW spectroscopy one of the most powerful method to study weakly bound
molecular complexes in gas phase. Since the introducing of this method,'® plenty of
results concerning different kind of non-covalent interaction have been reported.”
Details on the nature of intermolecular interactions such as hydrogen bond, weak
hydrogen bond, halogen bond and van der Waals interaction have been obtained by
analyzing the MW spectra of the small molecular model systems.

1.2.1 Isolated molecules

Typically small molecules with reasonable vapor pressure and dipole moment are
good candidates for MW spectroscopic study. Information on the structure and
conformation of many molecules has been obtained. The fine or hyperfine structure of
the spectra due to internal dynamics or quadrupole coupling can also be resolved. The
resulted information supplies a good understanding of the structure, dynamics and
electronic environment of the coupling nucleus.
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New methods to vaporize samples, such as laser ablation, electrical discharge, and
pyrolsis prior to expansion allow studying of vapor-less compounds and to prepare in
situ new or unstable species to be studied by MW spectroscopic.

For example, by using electrical discharge, Thaddeus et al. prepared in-situ the
samples and then assign the rotational spectra of Sz, S, Sig M and Sics.t
Although the first MW spectroscopic study concerning a bio-molecule, glycine,

reported in 1978,1** was based on heating of the sample, only a few examples™

were
available before the laser ablation was introduced for this kind of study.!*®! Alonso and
coworkers combined a laser ablation with supersonic jet FTMW spectroscopy to study
several amino acids.'" Since now, gas phase molecular structure and shapes has been
obtained for glycine™®, isoleucine,*® valine,™ lanine,®® B-alanine,”! leucine,?”
sarcosine,™  serine,®  cysteine,™  threonine,®® and  proline.??  The
conformational/tautomeric forms of several nucleobases have also been obtained by this

technique.?®

With respect to amino acid, only a few examples of MW spectroscopic studies
have been reported for sugars. The rotational spectrum of glycoaldehyde!” has been
assigned first, then several “C3 sugars” were studied.®” In 2012, Cocinero et al.
assigned the rotational spectra of six conformers of a C5 sugar, ribose, by applying a
ultrafast UV laser vaporization."

Many transition metal complexes have also been studied, mainly by Kukolich and
coworkers, by using supersonic jet FTMW spectroscopy. Details on the structure of the
complexes have been obtained, which should be helpful in well understanding the
reactivity of these compounds. For example, the assignment of MW spectrum of the 1,
1’-dimethylferrocene complex provides useful information on the structure and
conformational preference.®? The rotational study on the argon-cyclopentadienyl
thallium weakly bound complex allowed to evaluating the structure and the symmetry
of the complex.F*

The pure rotational spectra of metallorganic compounds were also reported,
especially by Ziury and coworkers. These compounds were prepared by the reaction of
metal vapor produced by DC or AC discharge with small organic molecules or other
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available metallorganic compounds. In a recent study, the methylzinc hydride molecule
was prepared and identified through analyzing its rotational spectrum.*

Other molecules such as radicals, ion, carbon chain compounds and even
polycyclic aromatic hydrocarbons and heterocycles have also been studied by MW
spectroscopy, details on these molecules can be found in the recent book chapter® *! or

articles and data base.*®

1.2.2 Molecular adducts

The first molecular adduct observed by MW spectroscopy is the bi-molecule of
trifluoroacetic acid-formic acid (CFsCOOH-HCOOH) reported by Costain in 1961.%"]
In 1972, Klemperer et al. introduced the supersonic expansion of seeded rare gas to
rotational spectroscopy to observe weakly bound molecular complex. Later in 1979,
Balle et al. reported the rotational spectrum of Kr-HCI observed with supersonic jet
FTMW spectroscopy.® Since that time on, large number of molecular adducts have
been studied by the combined supersonic jet-FTMW spectroscopy. Reviews concerning
molecular complexes are available,®* % 3% 3842 a0 that a website with the
bibliography of weakly bound complexes revealed by rotational spectroscopy.® The
molecular complex is formed through non-covalent interactions, thus the studies of
small molecular adducts provide plenty information on the nature of several kind of
non-covalent interaction.

Hydrogen bond (HB) plays very important roles in chemical and biological
systems and has therefore been a contemporary research interest. “Classical” hydrogen
bonds like O-H---O, O-H-:-N, O-H---S, and N-H---O are characterized (for neutral
species) by interactions energies in the range 15-25 kdmol™, while other linkage like C-
H---O, C-H---X (X=F, Cl), O-H---X (X=F, Cl), CH---S, C-H---m, which have
interaction energy within a few kJmol™, which are generally classified as weak
hydrogen bonds (WHB) and also represent a major topic in hydrogen-bond research.*
%01 Through MW spectroscopic studies of many hydrogen bonded molecular complexes,
the nature of HB has been revealed.™ %% Due to the importance of water in everyday
life and its proton donor and acceptor properties, the adducts of water with other small
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molecules among the most preferred model molecules for characterizing HB. Numerous

MW spectra of molecular complexes involving water have been assigned.*® %%

Halogen bond (HaB) is a non-covalent interaction similar to HB but in which the
halogen atom acts as electron accepter. In some case, HaB has been found to be
competitive or preferred to HB. It plays important roles in supramolecular chemistry
and in crystal engineering.®**® MW spectroscopic studies of small isolated complexes
formed via HaB interaction already gave interesting information on the nature of this
interaction.* > The FTMW spectroscopy studies of a series of B*XY complexes,
where B is the electron donor and XY is the dihalogen molecule, have already revealed
some properties of the halogen bond interaction such as bonding bridge geometry and

the intermolecular stretching force and dissociation energy.* %

Since the first observation of van der Waals complex with rotational

spectroscopy,®® &1 3

large number of the complexes of rare gas with other molecules
have been investigated by MW spectroscopy, especially by supersonic jet FTMW
spectroscopy. In principle, the molecular structure, stretching force and dissociation
energy, and internal dynamics can be determined. By using the supersonic jet FTMW
spectroscopy, all the hetero-dimer of rare gas except those involving Helium have been
studied.®® The dissociation energies derived from the centrifugal distortion constants
fall in range 0.3-2.0 kJmol™, which show that these interactions are quite weak.
Although this kind of interaction is weak, the MW spectra of some mixed rare gas
trimers and tetramers, that is NeyAr, NeAr;, Ne,Kr and Ne;Xe, have also been
assigned.®” ¢ In small molecule-rare gas complexes, the tunneling splitting can
sometimes easily be observed. The rotational assignment of the van der Waals
complexes with lighter rare gas are very complicated due to the wide and irregular
tunneling splitting of rotational transition into multiples. For example, the energy
difference of the tunneling splitting states is 807.2(9) MHz for dimethylether (DME)-
Ne,l® " however, for the complexes of DME with Ar!™ Krl@ and Xel™ the
difference is 0.9980(6), 0.26(5) and 0.105(1) MHz, respectively, much smaller than that

of Ne involved complex.

Other interesting chemical information can also be derived from MW spectra.
Endo et al. determined the molecular structure and the symmetry of NaCl-(H,0O), (n=1-

3) by assigning their MW spectra. It was found that the charge distributions in NaCl are
5
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dramatically changed after forming the complex with water and also that the r(Na-ClI)
distance increased with the successive addition of water.."¥ MW spectroscopic studies
concerning the microsolvation of small organic molecules are also avaible. Bauder et al.
reported the rotational spectra of formic acid-H,O, formic acid-(H,0O), and also (formic
acid),-H,0.[™™ Howard et al. reported the rotational spectra of the complexes between
one trifluoroacetic acid with up to three water molecules.l”® Neill et al. assigned the
rotational spectra of B-propiolactone-(H,0), (n=1-5).1""!

Molecular complexes of asymmetric molecules larger than dimers have also been
investigated by MW spectroscopy. By using a chirped-pulse FTMW spectrometer, Pate
and cooperators can identify three conformers of the water hexamer, that is cage, book
and cyclic, in supersonic expansion.”® Beside the molecular structures, information on
relative population of these conformers was also obtained. They could also identify the
rotational spectra of water heptamer and nonamer. Actually, water is not the only
asymmetric molecule whose homo oligomers have been investigated by MW
spectroscopy. The rotational spectra of difluoromethane (DFM) dimer™, trimer® and
also tetramer!®" have been assigned.

MW spectroscopy is one of the most promising methods also to study the isotopic
substituted effect on molecular structure and dynamics. Isotopic substitution is generally
considered not to perturb the structure of a molecular system. However, Caminati et al.
shown that the deuteration of water produces the conformational change in the anisole-
water complex.®? Ubbelohde effect can also be well characterized through MW

spectroscopy.[® 84

1.3 Motivations

This thesis concerns the study of pure rotational spectra of isolated molecules,
molecular adducts seeded in supersonic expansion with FTMW spectroscopy. Plenty of
chemical information including molecular structure, nuclear quadrupole coupling,
internal dynamics such as internal rotation and double proton transfer are derived from
the MW spectra. Studies on molecular adducts provided information concerning
different kind of non-covalent interaction. These studies, together with those of other

6
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research groups, will contribute to obtain a precise evaluation of the dynamics and

energetic of relative interesting molecular systems and also that of inter-/intra-molecular

non-covalent interactions.
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Chapter 2

Chapter 2 Theoretical aspect and experimental method

In this part, some fundamental theory of rotational spectroscopy that has been used
to explain the relative rotational spectra measured in this thesis is described. The
classical mechanics of a rotating body and the quantum mechanical properties of
angular momentum for rotating tops with different type of molecular symmetry are
reviewed first. Later, the centrifugal distortion is described since the real molecular
system cannot be a “rigid” top. The effect of nuclear quadrupole coupling and internal
rotation on the rotational spectrum are also described. Methods for evaluating molecular
structure are also introduced. ab initio calculations and density function theory (DFT)
are mentioned briefly. Finally, some details on FTMW spectrometer used for collecting
the rotational spectra are given. For more details concerning the theory, one can refer to
several MW books."®! For the most recent and innovative applications of microwave
spectroscopy, one can refer to some book chapterst*! and reviews.

2.1 Angular momentum of a rigid rotor

The derivation of molecular structure from the rotational spectroscopy requires the
knowledge of classical mechanics of rotating bodies. Classically, the angular
momentum of a rigid system is

P=le (2.1)

Where w is the angular velocity and | is the moment of inertia tensor, which is
written as

| = Lyl 1+ I ikl iy i+ yz KD KitLy Kj+122 Kk (2.2)

Where
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Lo = Zm (y*+2°)

lyy = Zm (Z%+x°)

I, = =m (X°+y?) (2.3)
Ixy = lyx=-Zm Xy

lx=ly,=-2Mmxz

Iyz = Izy= -ZmyZ

In which m is the mass of a particular particle and X, y, z are the body fixed
coordinates origining at the center of mass. The summation is taken over all the
particles in the body. Since the origin of the coordinate system is chosen at the center of
mass, the total kinetic energy can be separated as the kinetic energy of transition motion
of the center of mass and the kinetic energy of the motion relative to the center of mass.
Thus the translational and rotational motions can be treated separately. It is always
possible to choose the coordinate axes in which that the products of inertia vanish,
leaving only the diagonal elements, called the principal moments of inertia. The
principal moments are the three roots | of the equation (2.4)

Iaa —1 Iab Iac
Ly Lpy—1 L [=0 (2.4)
Ica ch Icc —1

Where a, b, c is the principal axes system, the components of angular momentum
become

Pa=la wa, Py = lp p, Pc = Ic ¢ (2.5)
The rotational kinetic energy is

E, = Y(0'1'0) = %(laa 022+ lpp 0p>+Hl e 0742155 ©a @p+2lac 02 0c+2pe 0p 0c)
= Yo(P /1) +¥a(Py*/1p) +2(P2/ 1) (2.6)

When the body is subjected to a torque

T =11t vtk 77 2.7)
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X, Y, Z are the space fixed axses. Thus the changing of angular momentum relative
to the space fixed axes is equal to the applied torque,

dP/dt = i(dP/dt)+j (dP/dt)+k (dP,/dt) = 7 (2.8)

Obviously, the angular momentum (P) is constant when no torque is applied and
also the components of Px% Py?, Pz are constants. So that the square of the total
angular momentum is constant

P? = Px?+Py%+P,% = constant (2.9)
The changing of the total angular momentum caused by a torque contains two

parts: One is due to the changing of the components Px, Py, Pz, another is due to the
rotating of the body fixed axes with angular velocities wy, wy, and w,. Thus

i (dPy/dt)+j (dPy/dt)+k (dP /dt)+wxP =7 (2.10)
with components

(dPx/dt)+(Dsz'(,02Py = Tx
(d Py/dt)+(1)sz'wxpz = Ty (2.11)
(d Pz/dt)+(DxPy'(,0ny = Tz

In the principle axes system, if the body is rotating freely (z = 0), the Euler’s
equations of motion can be obtained as

(dP/dt)+(L/1y-1/1)) P Pe = 0
(dP/dt)+(L/1,-1/1) Py Py = 0

It is easy to prove that the sum of the square of the angular momentum along a, b
and c axes is also constant:

P.2+Py2+P? = constant (2.13)

13
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Similarly, one can obtain that the rotational energy is constant:
Er = %(P.2/1:+Py?/1,+Pc/1c) = constant (2.14)
These equations show that when no torque is applied, the square of the total

angular momentum expressed in the body fixed axes and the principal axes is constant
and the kinetic energy of rotation is constant.

2.2 Angular momentum operators and matrix elements

The classical angular momentum of a system of particles can be expressed as

P=i Px+j Pyv+k P2
=i (Y Ps-Z Py)+j (Z Py-X Pz)+k (X Py-Y Px) (215)

While applying the relations X — X, and so on, and Px — (%/i) (a/2X), and so on,
one can derive the component angular momentum operators:

Px = (1) [Y (a/2Z)-Z (al2Y)]
Py = (hi) [Z (a/2X)-X (5/22)] (2.16)
Pz = (ili) [X (2/2Y)-Y (2/2X)]

The square of the total angular momentum P? commutes with its component

operators
P*P,-PzP*=0 (2.17)

However, the component operators do not commute among themselves and the
following commutation rules hold

P, Pg-Ps P, =i P, a B, 7=XY,and Z, cyclically (2.18)

Also of convenience for some manipulations are the operators defined as

14
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P. = Px+iPy (2.19)
P. = Px-iPy (2.20)

The commutation rules are

P.P-P.P.=2%P; (2.21)
Pz Pi-P. Pz =1 P, (2.22)
P;P-P.P;=-hP. (2.23)

Quantum mechanically, the commute operators have the common sets of
eigenfunctions. Therefore P? and Pz have common eigenfuctions ;.

P? yam =Ky yam (2.24)
Pz wam = Kkm wam (2.25)

Where the k; and ky are the eigenvalues of P? and P, corresponding to the
eigenstate described by y;y. The quantized values are k; = #° J (J+1) and ky = /i M,
where J and M are integrals and [M|<J. Thus (2.24) and (2.25) can be expressed as

P2 yym = 12 3 (3+1) wam (2.26)
Pz Yim = AM YiMm (227)

WithJ=0,1,2,3,...and M =], J-1, J-2,...,-J

The Hamiltonian operator is obtained from the classical Hamiltonian when the
momenta are replaced by their conjugate operators. When no torques is applied, the
classical Hamiltonian of the rigid rotor consists of only Kinetic energy which can be
expressed in terms of the components of angular momentum in the principal axes. To
find the corresponding Hamiltonian operator, one simply substitutes for the P’s the
conjugate angular momentum operator. In the principal axes, a, b, c, this operator is

Hr = Yo(P22/,+Pp2/ 1y +P21.) (2.28)

Where P,, Py, and P, are the angular momentum components as shown in (2.16).
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The eigenvalues of the Hamiltonian operators represent the quantized energies
from the determined microwave spectra. For a rigid spherical top rotor, the three
principal moments of inertia are equal, 1, = I, = I = I. The Hamiltonian operator H, of
(2.28) becomes

H; = ¥l (P2+Py2+P2) = P%/2l (2.29)

The Hamiltonian commutes with P?, the eigenvalues of H, which corresponding to
the quantized energy values are

Er = (3, MH/JJ, M) = %1 (3, M|P?3, M) = 72 J (J+1)/2l (2.30)

For a symmetric top rotor, one of the principal axes of inertia must lie along the
molecular symmetry axis. The principal moments of inertia which have their axes
perpendicular to this axis are equal. If a-axis lies along the symmetry axis (I.<lIp=I), the
molecule is a prolate symmetric top. If ¢ lies along the symmetric axis (I,=Ip<l;), the
molecule is an oblate top. The Hamiltonian commutes with P, and P as well as P? and
is therefore diagonal in the J, K, M representation. With the a-axis chosen along the
symmetry axis(lp = I¢) and with P? = P,2+P,%+P.%, the Hamiltonian can be expressed as

Hr = P221,+(1/21,-1/21,) P,2 (2.31)

Eigenvalues for the angular momentum operators P?, P,, and P for the symmetric
top rotor are

(J, K, M[PJ, K, M) = 2 J (3+1) (2.32)
(3, K, M|PZJ, K, M) = A K (2.33)
(J, K, M[P2[J, K, M) =7 M (2.34)

WhereJ=0,1,2,3,..., K=0,%1,%2,3,..., £J, M=0, £1, 2, +3,..., £J

In the field free rotor, the rotational energies do not depend on M. The quantized
rotational energies of the rigid prolate symmetric top are

Esx = (3, K|H|J, K) = %I, (3, KIP?J, K)+¥2(1/1:=1/1p) (3, K|P24|J, K)
16
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= (h%/87% 1) J (I+1)+(h%/8n%) (1/1,-1/1,) K? (2.35)
With the designation A = h/(8z* 1,) and B = h/(8x* 1), E;k can be written as
E;k = h [BJ (J+1)+(A-B) K7 (2.36)

In a true symmetric top, any permanent dipole moment must lie along the
symmetry axis. All matrix elements of this dipole moment resolved along a space-fixed
axis vanish except those between states corresponding to J — J or Jx1, K — K. The
selection rules for the field free rotor are

AJ=0,+#1 AK=0 (2.37)

For absorption transition, the selection rule is J — J+1, K — K. Applying these
rules to (2.36) gives the formula for the absorption frequencies for the rigid symmetric
top

v=2B (J+1) (2.38)

However, as what will be described in the following text, centrifugal distortion
separates the lines corresponding to different |K| by small frequency differences which
are usually sufficient to make these lines resolvable in the microwave region.

The Hamiltonian operator for the asymmetric-top rotor for which I, # I,# Ic, does
not commute with the operator P, or with the other component operators Py, or P.. The
resulting matrix will not be diagonal, and the elements will not represent eigenvalues of
H:.

The general procedure used to give the energy levels and wave functions for the
asymmetric rotor is to assume that the wave functions can be expanded in terms of an
orthogonal set of functions (a natural basis would be the symmetric-top functions) and
to set up the secular equations for the unknown coefficients and energies. The resulting
secular determinant can be broken down into a number of subdeterminants, the order of
which increases with J. The solution of these subdeterminants yields the required

energy levels and expansion coefficients. The King’s double subscript system is the
17
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most descriptive and useful designation of the asymmetric top energy levels. This
system is best understood by a comparison of the prolate and oblate symmetric tops
limitation.

In the conventional order, I,<l,<l,, when I, — I, the prolate symmetric top is
approached; and when l,—1, the oblate symmetric top is approached. The behavior of
the asymmetric rotor can be described in terms of the parameter

x = (2B-A-C)/(A-C) (2.39)

The limiting values for « are -1 and +1, corresponding to the prolate and oblate
symmetric tops, respectively. Thus the energy levels can be note as Jk.1k1, in which the
first subscript, K.3, represents the x value of the limiting prolate top with which the
asymmetric-top level connects as x approaches -1. The second subscript, K;, represents
the x value of the limiting oblate top with which the particular level connects as «
approaches 1.

The quantum mechanical Hamiltonian describing the rotation of a rigid

asymmetric rotor is then
H, = A P.2+B Pp>+C P2 (2.40)

The calculation of the energy levels is facilitated by rearrangement of (2.40) as
suggested by Ray

H: = Y%(A+C) P?+5(A-C) H(x) (2.41)
H(x) = P’ +xc Py*-Pc? (2.42)

Unlike the symmetric rotor Hamiltonian, this Hamiltonian is such that the
Schrodinger equation cannot be solved directly. Thus a closed general expression for
the asymmetric rotor wave functions is not possible. However, they may be represented
by a linear combination of symmetric rotor functions

WM = DKM AIKM VIKM (2.43)
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Where the a;km’s are numerical constants and

Wikm = Oxm e'd giMr (2.44)
Okm = Nykm (5in(072))*M! (cos(672)) ™M F(sin?(612)) (2.45)

Where 6, ¢, x are the Euler’s angles, F(sin?(6/2)) is a hypergeometric series and
Njkwm is @ normalizing factor determined by the condition Nk Jywakm v skm dt = 1.

By solving the secular determinant, the total rotational energy for a particular level

can be expressed as
E =%(A+C) J (J+1)+%(A-C) E(x) (2.46)

The nonvanishing matrix elements of E(x) are

Exk = (3, K, MH@®)[J, K, M) = F [J (3+1)-K?]+G K? (2.47)
Exkez = (3, K, MH(x)]J, K+2, M) = H [f(J, K+1]Y? (2.48)
With the fact that

Ekk = Exx -ky Exkk+2 = Ek+2k = E-k k-2 = Ek2k (2.49)

The constants F, G, and H depend on the particular way in which the a, b, and ¢
axes are identified with the axes x, y, and z, which are summarized in Table 2.1. The I'
and 111' type representation are sufficient to handle conveniently most asymmetric tops.

Table 2.1 Identification of a, b, ¢ with x, y, z and the coefficients for the matrix elements of E(x)

[ [ [
I 1" n I I I

X b c a c a b
y c a b b c a
z a b c a b c
F 1/2(x-1) 0 1/2(x+1) 1/2(x-1) 0 1/2(x+1)
G 1 K -1 1 K -1
H -1/2(xc+1) 1 1/2(x-1) 1/2(x+1) -1 -1/2(x-1)
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Like a symmetric top, the allowed changes in J for the dipole absorption of
radiation results from the non-vanishing property of the dipole matrix elements [4 J, u
A'J'.when J' =JorJ =Jt1, are:

AJ=0, +1 (2.50)

In addition to the selection rules for J, there are also restrictions on the changes
that can occur in the pseudo-quantum numbers, which result from the symmetry

properties of the ellipsoid of the inertia.

The component of the electric moment along a space fixed axis F can be described
as

ur=2qcos(Fg)ug F=X,Y,Z;g=a,b,c (2.51)

where g4 are the molecular dipole moment components resolved along the principal
axes of inertia. The cos(Fg) are the consine of angles between the nonrotating F and
rotating g axes, which are commonly indicated by the symbol @gy. The dipole matrix
element for the case where the electric moment lies only along one of the principal axis,
the a-axis is

(3, K-1, K1jueld', K1, K'1) = 1a (3, K-1, K1|cos(Fa) ueld', K'-1, K'1) (2.52)

If this integral is not to vanish, it must be unchanged for any operation that carries
the system into a configuration indistinguishable from the original, or the integrate (J,
K-1, Kl|cos(Fa) we|J', K'-1, K'1) transforms according to the totally symmetric
representation A. The symmetry of interested is not the molecular symmetry but the
symmetry of the inertia ellipsoid, which for the asymmetric rotor is characterized by the
Four-group operations, as reported in Table 2.2. If the integrand is to belong to species
A, then for each symmetry operation of G either each term of the integrand is even, or
one term is even and the other two are odd. Under the Four-group operations, the
direction cosines have B symmetries. For a rotation of 180° about a-axis (C,?), the
cos(Fg) does not changes, but it does change sign for a rotation about b or c-axis since
the the angle changes from Fa to z-Fa. Therefore it transforms according to the B,(eo)

representation. Likewise, cos(Fb) does not change sign for C,” symmetric operation but
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changes sign for C,% and C,° operation and transforms as the species By(00). cos(Fc)
transforms as the species B¢(oe).

For the case under consideration (ua # 0, up = uc =0), the direction cosine
transforms as B, if the integrand has symmetry A, the functions A"J; and AJ'» must be
of symmetry A and B,, or of symmetry By, and B. The allowed transitions are then A «
B., and By < Bc. Similarly, the selection rules for electric dipole components along the
b and c-axes can be established, which are summarized in Table 2.3.

Table 2.2 Character table of the Four group G(a, b, c)

Symmetric species E CA cl C,’
A 1 1 1 1
B, 1 1 1 1
B, 1 1 1 1
B, 1 -1 -1 1

Table 2.3 Selection rules in terms of the evenness or oddness of K-1, K1 subscripts

Dipole component Permitted transitions
Ma #0 ee < €0, 0e <> 00
Mp#0 ge <> 00, 08 <> €0
He #0 ee < 0g, e0 <> 00

2.3 Centrifugal distortion

The real molecule can not be a rigid rotor. While rotating, the bond distances and
angles will vary because of the centrifugal force, which gives rise to a centrifugal
distortion. The rotating molecule will no long be in its equilibrium configuration but in
a distorted configuration. These effects are usually large for light molecules because of
the small moments of inertia. Due to the effect of this distortion, the moments of inertia
can not be considered as constant and the value of which dependent on the rotational
state. Consequently, the rotational spectrum can not be just treated as a rigid rotor

characterized by a sequence of equilibrium moments of inertia. Because of the precise
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of microwave measurements, the centrifugal distortion effect can be observed even for
low-lying levels with relatively small rotational energies.

Interestingly, the study of centrifugal also provides very accurate ground state
spectroscopic constants, which allows one to predict unmeasured transition frequencies
precisely, and the distortion constants themselves provide direct information on the
vibrational potential function and fundamental information for elucidation of
interatomic forces and bonding.

Centrifugal distortion effects only represent a small part of the rotational energy
which is accounted for mainly by the rigid rotor term. Therefore in many cases this
effect can be treated as a perturbation to the rigid rotor Hamiltonian.

H = H,+Hg (2.53)
H; = A P.>+B Py+C P (2.54)
Ha = 514 0515 Tapys Po Pp Py Ps (2.55)

Here the angular momentum has unit of 7, and «, B, y, 0 = X, Yy, z. A rigorous
treatment of the problem indicates that the rotation and distortion constants in the
foregoing Hamiltonian must be regarded as effective constants and thus dependent on
the vibrational state. The effects of centrifugal distortion on the rotational spectra will
depend on both the constants z,p,5 and the angular momentum operators. A simple
closed-form expression for the effect of these operators, like that obtained for a
symmetric rotor, cannot be obtained for an asymmetric rotor. However, the distortion
effects for a large number of asymmetric rotors may be treated to a good approximation
by first-order perturbation theory. The first order perturbation treatment involves
averaging the perturbing operator Hy over the asymmetric rigid rotor wave functions. In
the second order perturbation treatment of the term Hy, it’s possible to transform the
Hamiltonian H; to an effective form Hes which is diagonal in the vibrational quantum
numbers transforming the Hamitonian terms into the fourth degree in angular
momentum P called quartic centrifugal distortion term.

By a second order treatment to an asymmetric top, the quartic centrifugal distortion
coefficients z,p,5 can be reduced to five independent as discussed in details in Watson’s
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review.”! For the A- and S-reduction, the reduced quartic centrifugal distortion
Hamiltonian have the following forms

Ha® = Ay Py P? P2-A P20y P? (Pi*-Py)-0k [P* (P*-Py)+(Pi-Py’) P/’]
(2.56)
Hy®® = -D;P*-Dy¢ P? P,2-Di P,*+d; P? (P.2+P%)+d; (P.*+P*) (2.57)

A least square fitting of the observed frequencies is carried out to obtain the
rotational and centrifugal distortion constants. Particularly, the differences between the
observed frequency and the calculated rigid rotor frequency are taken as the distortion
effect.

2.4 Nuclear quadrupole coupling

The interaction of the electric or magnetic of the molecular field with the nuclear
moments may result the nuclear hyperfine structure in rotational spectra. The most
important of these interactions is that of the molecular field gradient with the electric
quadrupole of the nuclei. This information provides a measure of the molecular field
gradients from which information on the electronic structure and chemical bonds can be
obtained. However, this interaction is only possible for isotopes with nuclear spin larger
than 1/2 (1>1/2), because isotopes with nuclear spins equal to 0 or 1/2 have spherically

symmetric and have no quadrupole moments.

In a external field free molecule, the nuclear spin I is coupled to the molecular
rotational angular momentum J to form a resultant F, as shown in the vector model in
Figure 2.1. The total angular momentum of the molecule is thus represented by F rather
than J. The new angular momentum quantum numbers are

F =341, J+1-1, J+1-2,...., |9-]] (2.58)
And Mg =F, F-1, F-2,..., -F (2.59)

The eigenvalues of the square of the total angular momentum and its components
along an axis space thus are
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(F, Me[FAF, Mg) = F (F+1) (2.60)
(F, Me|F|F, Mg) = Me (2.61)

Figure 2.1 Vector diagram of coupling of the nuclear spin | with molecular rotational momentum J.

While subtraction and addition of 1/6V2V Jp, Ry? dz, to the classical quadrupole
interaction, the interaction energy has the form

Eq = 1/6[(0°VIOX?)o J(3Xn*-Rn?) pn dzn+(@*VIOY?)o [(3Yn2-Rn%) pn da+(8°VIOZ?)o J(3Z%-
Rn2) pn dra+6(8°VIEX 8Y)o [Xn Yo pn dent6(8°VIOX 8Z)o [Xn Zn pr dent6(*VISY 0Z)o [Yn Zs
pn Ar]+1/B[(6*VIOX?)g+(8°VIOY?)g+(8°VIZ?)0] IRAZ pi dzn (2.62)

Because the Laplace’s equation V2V = 0 holds over the nuclear volume, the

expression can be written as the scalar product of two symmetric dyadics
EQ = -1/6QZ VE = 1/6Zi,j=X,Y,ZQij Vij (263)

Where Vj; = -VE;; and the VE is the gradient of the electric field of the extra nuclear
charges
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VE = ex (OE/0X)+ey (OE/OY)+ez (OE/OZ) (2.64)
And Q is the quadrupole moment dyadic

Q = Ipn [(3 Rn Ry-I RyY)] dzy (2.65)
Here R, represents the vector locating points of the nuclear volume in the space-

fixed X, Y, Z system. | = ex extey ey+ez ez is the the unit dyadic and ex, ey, and ez are
unit vectors along X, Y, and Z.

The potential V at the nucleus arises from all the various extra nuclear charges of
the molecule, however only the extra nuclear electrons need to be considered, and can
be expressed as

V =Ze (1/Re)k (2.66)
Where (1 / Re)k represents the distance from the kth electron to the nucleus and where
the summation is taken over all electrons contributing to V. For simplicity, one can only
consider one component of the tensor. Since
(8°10X?) (1IR) = (8°10X?) (X*+Y2+Z%) Y2 = (3X2-RH)IR® (2.67)

Thus

Vix = (6°VIOX?)0 = e (1 — R3)i) ([3 (Xe / Re)? — 1]k
= e Z((1 = R)k) (3 cos?By — 1)) (2.68)

Where 6x is the angle between R, and the X-axis fixed in space. The average is
taken over the electronic orbitals and over the vibrational and rotational states of the
molecule. ((1/R2),) is independent of the rotation and in a perticular vibrational state

may be treated as a constant. Equation (2.68) can be written as

Vxx = 2k Ci([3 (Xe / Re)* — 11i) (2.69)
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Because the orbitals of all the electrons are fixed in the molecule and rotate with
the molecular frame about the axis of J, the angular dependence of their averaged sum
will be the same as that of J, and their resultant field gradient will resolve along space-
fixed axes in the same proportions as the components of J; the rapid rotation about J
will effectively average out the components of the field gradient perpendicular to J and

make J an axis of symmetry for the gradient.
(Vxx)op = C [(33x°13%)-1] (2.70)
Where C is proportionality constant to be evaluated, which depends on the
electronic distribution in the whole molecule but primarily in the atom of the particular
coupling nucleus. Since the eigenvalues of J* are J (J + 1), thus (2.70) can be written as

(Vxx)op = C/[J (3+1)] [33x*-J (I+1)] (2.71)

The expressions for Vyy and Vzz are similar. While the operators for the cross
product terms must be summarized. For example,

Vxy = Zk Ck ((3 Xe Ye/Re)k) (272)
The conjugate operator is
(Vxv)op = C/[J (J+1)II(B(Ix Iy +Jyv Ix)/2)] (2.73)

From the ZZ component, one can define q;, which has the form

Q= (3, IVzzl3, J) = CI[3 (3+1)] [39%-J (3+1)] (2.74)
and

C = (3+1)/(23-1) g (2.75)
Hence

(Vz2)op = [Qs19 (23-1)] [33°-3(3+1)] (2.76)
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The nuclear quadrupole operator can be expressed as
(Qiop = Can [(3(i I+1; 1i)/2-655 17) (2.77)

Where C, is the proportionality constant evaluated by definition of Q as the value
for maximum resolution along a space fixed axis, that is, when M, = I. Thus

eQ= (I, |Qzl, 1) = Cy (I, 1|31%2-1 (1+1)]1, 1) = C,, [31%-1 (1+1)] (2.78)
with C, = eQ/[I (21-1)] (2.79)
and

(Qiop = [€QN(21-1)1[3(kil+1;1i)/2-6517] (2.80)

Thus the obtained Hamiltonian operator for the quadrupole interaction is

Ho = eqyQ/[6J (23-1) 1 (21-1)] Sijexv.z [3(h 1+l 1)/2-05 17] [3(i Jj+3; In/2-0y I°]
(2.81)

By applying the commute rules between the components of | with those of J, (2.81)
becomes

Ho = [eQqy/2 J (2J-1) 1 (21-1)] [3(1-3)*+3/21-J-1 J] (2.82)

Thus the interaction energy is

Eq = [eQqs/2J (23-1) I (21-1)] [3C (C+1)/4-J (J+1) I (1+1)] (2.83)
Where
C=F (F+1)-J (J+1) - 1 (1+1) (2.84)

Q= Gaa (3, 0, My=3|@223, i, My=d)+aey (3, i, My=d|@22d, i, My=d)+qec (I, i,

My=J|Dz2d, i, My=J) (2.85)
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where (aa, Qob, and gec are the molecular field gradients at the coupling nucleus
with reference to the inertial axes. For brevity, the coupling constant eQq is often
designated by y. With this designation the general expression for the quadrupole
coupling energy is
EQ = Zg:a'b’c ng (-J, i, MJ=J|q)ZgzlJ, i, MJ=J) Y(\], I, F) (2.86)
Y(@J, I, F) =[3C (C+1)/4-J (3+1) | (1+1)]/[2 J (23-1) | (21-1)] (2.87)
Selection rules for hyperfine transitions in rotational absorption spectra are
J—>Jtl,F->F F->Ftl, | — |
The rotational frequencies perturbed by quadrupole coupling are

v = 09-eQq [Y(J+1, 1, F))-Y(J, I, F)] (2.88)

For a symmetric top rotor with one single coupling nucleus on the symmetry axis-
z, (2.85) becomes

o = q(J, K, My=J|(3d%2-1)/2|3, K, My=J) = [q5/(23+3)] [3K*/J (J+1)-1] (2.89)
the resulting quadrupole energy is
Eo = eQq [3K*J (J+1)-1] YJ I, F) (2.90)

With eQq = eQy ((8%2V/ 0z2)) = y is the coupling constant with reference to the

molecular axis of symmetry. Selection rules are AJ = £1; AK = 0; AF =0, 1, Al = 0.
In the asymmetric top, the quadrupole energy is

Where (J2) = (J, K.y, KilJgJ, Ko, Ky) (2.92)
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(J2) = Y[J (3+1)+E(x)-(x+1) (OE(x)/0x] (2.93)
(JE) = OE(x)loxc (2.94)
(J2) = %[ (3+1)-E(x)+(x-1) (OE(x)/ox] (2.95)

Which lead to an expression for the quadrupole energy in the form

Eq = [1J (3+1)] {ea [J (I+1)+E(x)-(xc+1) (OE(x)/Ox]+2mn (OE(x)/Or)+xcc [I(I+1)-
E(i)+(e-1) (FE(x)/ox]) Y(, 1, F) (2.96)

In which E(x) is the reduced energy of the asymmetric rotor and « is the Ray’s
asymmetry parameter.

Selection rules AF = 0, £1; Al = 0 apply with those given for Jk.iki for an
asymmetric rotor.

2.5 Internal rotation

For molecules consist of two groups connected by a single bond, the groups can
rotate with respect to one another around the single bond. Since the work of Kemp and
Pitzert” on estimating the barrier to internal rotation of methyl group in ethane, many
examples proved that rotation about single bonds is restricted although the barrier are
not large enough to permit chemical isolation. Microwave spectroscopy is an effective
method to study the problem of hindered internal rotation. The barrier to internal
rotation can be obtained with an accuracy of better than 5%. Moreover, structural
parameters and equilibrium configuration of the methyl group can also be obtained.

The internal rotation of two parts of a molecule can be described by the torsional
angle a. The potential energy to internal rotation, varying as a function of a, is required
to be a periodic function in a which repeats itself N times in the interval «=0 to o=2n. N
is the number of equivalent configurations, which depends on the symmetry of the
molecule.

The potential energy with period 27t/N can be expressed as
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V(a) = ag*+).5—1 a; cos(kNa) (2.97)
Where ap = - Y71 ai (2.98)

V(a) is zero at a = 0, £2t/N, +47t/N, and so on. For a N-fold symmetry system, this

potential function can also be written as
V(a) = ¥%Vy (1-cosNa)+¥2Voy (1-COS2Na)+... (2.99)

For molecules having a threefold barrier, e.g. methyl group, usually only the first
term of the cosine is retained, the potential function is

V(a) =¥V3 (1-c0os3a) (2.100)

With this potential energy, the torsional one dimensional Schrddinger can be

written as
-F [d*(U(@))/da®]+[1/2V3 (1-c0s3a)] U(a) = E U(a) (2.101)
Where F = #%/21, with I, the reduced moment of inertia for relative motion of the
two groups. Solution of this equation yields the torsional eigenvalues E and

eigenfunctions U(a).

For a very small barrier so that V3 — 0, which means the group undergoing a free
rotation, (2.101) reduces to

d?(U(a))/da®+(1/F) E U(a) = 0 (2.102)
The solution is U(a) = A ™" = A (cosma+i sinma) (2.103)
With A an appropriate normalization factor and with the energy given by

E=Fm’ (2.104)

30



Chapter 2

While the boundary condition is applied, m is required to take on the values m = 0,
+1, +2, +3, ... and A has the value (1/2)"x.

The wave functions of (2.103) are also eigenfunctions of the angular momentum
operator p = -i i (0/0a), the eigenvalues of p being m#. For the state m the two possible
values of p, namely |[m|#% and -|m|% correspond to the two possible directions of internal
rotation.

In the case of V3 — oo, the internal motion will be restricted to small torsional

oscillations about the minima of the barrier. The cosine function in (2.100) can be

written as
cos3a = 1-(9/2)o*+(27/8)a*+ ... (2.105)
V(a) = (9/4)V5 a?-(27/16)V; o*+... (2.106)

For a harmonic approximation, only the first term of the expansion is retained, thus

the torsional wave equation becomes
F [d*(U(a))/do?]-(9/4)V3 o = E U() (2.107)
The solutions are
E=3(Vs )Y (v+1) (2.108)
Withv=0,1,2,3,...

The frequency of torsional oscillation is v = (3/2n) (V3/2Ir)1’2, which related to the
barrier. This relationship provides the basis for determining the barrier by infrared or
microwave intensity studies. In the case of an infinite barrier, each torsional state v is
threefold degenerate since the internal motion is torsional oscillation in any one of the
three equivalent potential well. For a finite barrier, the quantum mechanical tunneling
effect leads to a splitting of this threefold degeneracy level v into two levels, a
nondegenerate level A and a doubly degenerate level designated as level E.
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Two approaches have been used to treat the problem of internal rotation. One is the
principal axis method (PAM) introduced by Wilson™® and Crawford,™ which used the
principle axis of the whole molecule as the coordinate system. The internal axis method
(IAM) used a coordinate system in which the symmetry axis of the top is chosen as one
of the coordinate axes. The other two axes are fixed with respect to the framework and

their orientation may be judiciously chosen.[*”

The PAM uses the x, y, z coordinate system rigidly attached to the framework,
which coincides with the principle axes of the entire molecule. The kinetic energy of an
asymmetric molecule contains three parts, first part is the energy of the over all rotation
of the molecule, second part is the energy of internal rotation of the top and the third
part is the interaction between internal and external rotation, which in all can be written

as

T =YY g og*+%l, 6P+l 6 Ygdg g G=X, Y, 2 (2.109)

Where |4 are the principal moments of inertia of the entire molecule, 1, is the
moment of inertia of the top around its symmetric axis, wq are the angular velocity of
the framework along the principal axis, « is the angular velocity of the top relative to
the framework, and 44 are the direction cosine between the symmetry axis of the top and
the principal axes of the entire molecule.

The kinetic energy can also be expressed as a function of angular momentum

T = %Y PA/lg+%(p - 22 YIr |, (2.110)

With definitions

7= g Py, pg = 29 1l g

r=1-Y /% l/lg

Py= 0T/0wq = lg wgtig l, a (2.111)
P = 0T/06 = Iy 6+, Yghg g
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Where rl, is the reduced moment of inertia for internal rotation of the two rigid
parts of the molecule, Py is the total angular momentum of the molecule and p is the
total angular momentum of the internal rotor.

Thus the Hamiltonian operator of the overall rotation and internal rotation can be

written as
H = HrtHt+HgrT (2112)
With
Hg = H+F P? (2.113)
Hr = Fp?+Y2V3 (1-c0s3a) (2.114)
Hrr=-2FPp (2.115)

Where V() has the form of (2.106), H; is the rigid rotor Hamiltonian and F = #rl,
/ 2 is the reduced rotational constant for internal rotation.

In the case of two tops internal rotation system, the Hamiltonian should include the
term of top-top interaction, which can be written as

H = HrtHt+HgrttHt (2.116)

2.6 Evaluation of molecular structure

The structural information from microwave spectroscopy is contained in the
principal moments of inertia which derived from the rotational constants, A, B, C. Two
types of experimental structure will be discussed in the molecular systems.

ro, the effective structure for the ground vibrational state could be calculated from
the experimental rotational constants. A least squares fitting procedure has been used to
evaluate the rq of the studied molecular systems. Several structural parameters could be
chosen to fit the differences between experimental and theoretical values of rotational
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constants. The procedure of the fitting is based on the linearization of the following
equation

Bi = Bi*+Y;(dBi/dpi) Ap; (2.117)

Where B; is the ith experimental rotational constant, B is the ith rotational constant
calculated from the initial assumed structure and pj is the structural parameter chose for
fitting, (dBi/dp;) is the changing of B;® with respect to a small changing of p; while all
other structural parameters were kept constant. This procedure is repeated until the
convergence has been achieved. However, normally the set of experimental data are not
enough to determine the molecular structure completely. Only several bond lengths,
valence angles, or valence dihedral angles can be evaluated from the structure fitting
and thus only partial ro structure can be obtained. For non-covalent interaction bonded
molecular complexes, this procedure is adoptable to determine the intermolecular bond

length and angles while keeping the geometry of molecular moieties constants.

r,, the substitution structure, is derived from the isotopic substitutions.
Kraitchman!** method is applied to calculate the position of an atom in a molecule
utilizing the changes of moments of inertia resulting from a single isotopic substitution
of the atom. The molecule is assumed rigid so that the bond distances and angles are
unchanged due to isotopic substitution. The Iy, Iy, I, and I’y, I’y, I’;, are the moments of
inertia along the principal axes for the parent and isotopically substituted molecule. The
coordinates are measured from the center of mass principal axis system of the parent
molecule. The mass of the isotopic atom can be denoted by m+Am, with m the original
mass of the atom. The moment of inertia in the parent center of mass principal axis
system can be expressed as

I”4x = LFAM (Y2+22)-(Amy)?/(M+Am)-(Amz)?/ (M+Am) = Lty (YP+7%) (2.118)
Similarly, that

I’y = ly+u (22457 (2.119)
I = L4 (0C+y?) (2.120)
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Where the u is the reduced mass for the isotopic substitution, x = M Am/(M+Am)
with M is the total mass of the parent molecule. The Iy, Iy, I, and I’y, I’y, I’; can be
determined experimentally, thus the coordinates X, y, and z of the isotopic substituted
atom can be obtained.

2.7 Theoretical calculations

Ab initio and density functional theory (DFT) are used to assist the assignment of
the rotational spectra. Geometry optimizations are used to predict the molecular
equilibrium structure and conformational preferences from the potential energy surface
(PES). The resulting information on rotational constants, dipole moment components,
relative stabilized energies and quadrupole coupling constants are helpful indications
for searching for rotational spectra and conformational assignment. Since the studied
molecular system is not large, high level calculations like MP2/6-311++G(d, p) level
theory can be chosen. Frequency calculations are used to calculate the zero point energy
and force constants. For molecular complexes, a counterpoise correctiont*? is used to
remove the well known basis set superposition error (BSSE). All theoretical

calculations are performed with Gaussion03 program package.!**

2.8 Experimental techniques

The rotational spectra were measured on Bologna’s pulsed-jet molecular beam
Fourier transform microwave spectrometer.*¥ The spectrometer has a coaxially
oriented beam resonator arrangement (COBRA) and a Fabry-Pérot type resonator.!*"
The spectrometer covers the range 6-18 GHz, follows the guidelines given by Stahl and
Grabow!*®*8 and most of the details are taken from the Valladolid spectrometer,!**! and
now operated with the FTMW-++ set of programs.’” The mirrors are in aluminum with
a curvature radius of 60 cm and with 35 cm diameter. The vacuum chamber was built
by HVP (Parma, Italy), which is a stainless steel cylinder with a diameter of 40 cm and
length of 85 cm. The chamber is evacuated with a 8000 s™ diffusion pump operated by a
block of two Leybold mechanical pumps (D65B and Ruvac WAU 251, rotary and
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booster pumps, respectively). The solenoid valve (General Valve, Series 9) is used to
generate the supersonic expansion (nozzle diameter 0.5 mm). The frequencies were
determined after Fourier transformation of the 8 k data points time domain signal,
recorded with 100 ns sample interval. The pulsed nozzle valve is mounted near the
centre of one of the mirrors in such a way that the supersonic beam propagates parallel
to the resonator axis. In this set-up, all lines appear as enhanced Doppler doublets. The
line position is the arithmetic mean of both Doppler components. The estimated
accuracy of the frequency measurements is better than 3 kHz, resolution is better than 7
kHz.

It is well known that the supersonic expansion of molecular systems seeded in rare
gas is rich in molecules of low rotational temperature. It’s stated that normally
rotational temperature about 1 K can be reached. Thus supersonic expansion provides
significantly sensitivity advantage for transitions originating from low energy rotational
levels in the vibrational states. This expansion can be generated by using an
electromagnetic valve and provide a sample of high number density. The COBRA can
significantly increase the resolution and sensitivity than the orientation that molecular

beam is perpendicular to microwave pulsed excitation.

Typically, ~1 percent sample seeded in rare gas at a total pressure in range of 1-3
bars is expanded into a high evacuated resonator chamber. The process is a rapid
adiabatic expansion rather than effusive, which cool the molecular systems to very low
vibrational temperature and generate molecules traveling along radial path without
collision. Thus the transition lines are very narrow and the broadening of transitions is
only due to that natural line width, which corresponds to a very high resolution.

The interaction of microwave radiation and the molecular beam results in
rotational coherence. The molecular signal power is relative to the fraction of the total
energy stored by the field within the resonator volume. Due to the coaxially of the jet
expansion and the microwave radiation, the amplitude of the molecular signal is
approximated by

San(t) o< 8" exp(i (wap-K Vo) 14+85°)) 45" eXp(i (waptK vo) t+60a°7)) (2.121)
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Where wqp is the angular resonance frequency and k = w/c is the wavenumber of
the radiation. The Doppler doublet consisting of frequency components at va, (1-v../C)
and and vy, (1+v../c) is observed in the frequency domain. The molecular resonance
frequency is then recovered as the arithmetic mean of the components separated by Avyp
= 2vapvs/C. The line width of the individual components is on the order of 1.5 kHz; at an
appreciable S/N ratio, a frequency accuracy of 150 Hz, is achieved for unblended lines.
The sensitivity allows for the routine observation of mono-deuterated asymmetric-top
molecules in natural abundance.
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Chapter 3 Conformation and internal rotation:

microwave spectroscopic studies on dimethyl sulfate

3.1 Introduction

Dimethyl sulfate (DMS) is widely used as a methylating reagent to convert
compounds such as amines, phenols, and thiols to the corresponding methyl derivatives.
It is also used in the manufacture of methyl esters, ethers, and amines in dyes, drugs,
perfumes, pesticides, phenol derivatives, and other organic chemicals. As a solvent, it is
important for the separation of mineral oils and for the analysis of auto fluids and as a
component of polyurethane based adhesives. Formerly, dimethyl sulfate was used as a
war gas.™" 2 However, despite its essential use in fundamental chemistry, only little
spectroscopic information is available. This lack of spectroscopic data on DMS is
probably related to the following reasons: (a) DMS is highly toxic to human and
reasonably a human carcinogen; (b) although stable at room temperature, the compound
rapidly hydrolyzes in water; (c) when heated, it produces toxic fumes including sulfur
oxides and sulfuric acid; (d) until some years ago, the theoretical computations of
compounds containing sulfur and oxygen atoms were expensive. As a result, the
peculiarity of the sulfur-to-oxygen linkages is not yet completely explored. The
structure of DMS has been the subject of just one electron diffraction (ED) study!® and
two FT-IR investigations.l* ® However, the composition of the conformational mixture
is still controversial. Brunvoll et al.”! interpreted the ED diffraction curve of DMS as a
mixture of the C, and C,, rotamers; later, Fausto et al.l* % suggested the coexistence of
a C, symmetry conformer with a less stable C; symmetry species; the latter one quickly
converts to the C, one in matrix isolation.™

DMS could also represent a system to investigate the anomeric effect [, similarly
to dimethoxymethane.l” ® The anomeric effect generally involves the donation of
electron density from a lone pair on one oxygen atom to the adjacent carbon-oxygen
bond. Such interaction, believed to be the result of n-s~ overlap, reaches its maximum
value when the -O-S-O-C torsional angle is at 90° and is excluded in case of a planar
arrangement. Moreover, the MW study would allow observing the effect of the electron
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pair repulsion on the structure and on the V3 barrier of the methyl groups. For this
reasons, the molecular properties of DMS, both theoretically and by rotational

spectroscopy, were studied.

3.2 Experimental details

A commercial sample of DMS bought from Aldrich was used without further
purification. The spectra of the isotopic **C-, **0- and *S-containing species were
measured in natural abundance.

The carrier gas Helium was passed over the DMS at room temperature, at a
backing pressure of about 0.2 MPa, and expanded through the pulsed valve into the

Fabry—Perot cavity to generate the supersonic expansion.

3.3 Theoretical calculations

In order to obtain the structural and energetic properties of the plausible
conformations of DMS, ab initio calculations were first performed before searching for
the rotational spectra. The computational methods were selected to provide their
equilibrium geometries, the rotational constants, the dipole moment components along
the principal axes and the relative energies. The nature of all stationary points was
verified by subsequent harmonic frequency calculation and also quartic centrifugal
distortion constants were calculated from the harmonic force field. All ab initio
quantum chemical calculations were performed at MP2/6- 311++G(d, p) level using the
GAUSSIANO3 software package.'? Three energy minima, with C, C; and Cay
symmetry, respectively, were shown in Table 3.1. Zero point corrected energy has been
also calculated. All the obtained parameters are collected in Table 3.1. The relatively
small energy difference between the first two conformers appears as promising for the
observation of both species. This is supported by the experimental observation of the
two stable conformers in previous works.™ However, conformational relaxation within

supersonic expansions has been often observed when the barriers connecting minima
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are of the order of 2kT.™®! The potential curve for the interconversion between the
predicted conformers is additionally calculated to investigate the possibility of
conformational relaxation. The potential energy pathway describing the internal rotation
around the S1-O5 bond (corresponding to the O4-S1-O5-C10 dihedral angle, see Figure
3.1 for labeling), which interconverts conformers C, and C;, was calculated ab initio
and is plotted in Figure 3.2. The ab initio scan was carried out in steps of 5° over the
full range of the O4-S1-O5-C10 dihedral angle of the main chain frame. While the
dihedral angle was kept fixed at every step, all other geometric parameters were re-
optimized for each point along the path. The potential energy function proved that a
conformational relaxation is plausible according to the relatively low barrier (ca. 340
cm™).

Table 3.1 Ab initio spectroscopic parameters of the three most stable conformers of DMS, obtained at

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

C, Cy Coy

A, B, C/MHz 3029.2, 2251.6, 1809.6  3297.8, 2079.2, 1754.8 4442.1,1717.3,1673.3

Loy Loy 1elD 0.0,4.2,0.0 -0.06, -3.8, -0.09 0.0,-1.1,0.0
D,, Dy, Dx/kHz 1.11, 7.43, -4.99, 0.43,-0.72, 1.47, 0.13,0.70, 2.13,
dy, do/kHz -0.46, 0.002 -0.03, 0.10 -0.002, 0.01
AE, AEy/cm™ 0% 0" 297, 290 1267, 1254

Valem™ 447

2 Absolute energy: -777.467111 Ey, ® Absolute energy: -777.370024 Ey,

Figure 3.1 Shape and atom numbering of the C, form of dimethyl sulfate.
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Figure 3.2 Potential energy function (MP2/6-311++G(d, p)) for the interconversion between the C, (most

stable) and C, forms of the dimethyl sulfate.

G E,
2 L
A,
221'_ 110 i -
A,
| g A
E': ‘ E, ‘ E, - |
X = =
| | | | ’ ‘ |
[ W | inay | R | & | il | i i ‘
W) SPERSORT L | B . . IR LRI IR o roTLL LI VY (TR
r T T T T T T T T T
111160 11117.0 111180 11119.0 111200 111210 11005.0 T1006.0 11007.0 11008.0 11009.0
MHz MHz

Figure 3.3 The internal rotation quartet (left) or quintet (right) patterns of the 2, < 1, ¢ transition for
normal and mono-**C species of dimethyl sulfate (see text), respectively.

3.4 Results and analysis

3.4.1 Rotational spectra

The results of the theoretical calculations (see Table 3.1) and previously
experimental measurements consistently predicted the C, form to be more stable, so that
the initial survey scans targeted this conformation. Due to its symmetry only p,-type
dipole moment component is non-zero so the assignment of the rotational transitions

42



Chapter 3

initiated where the lowest Ju, transition, 2;, « 153, was predicted. After the
observation of this line, many more transition, with J up to 7, were assigned and
measured. No lines due to p, and . dipole moment components have been observed
and this is in agreement with the expected symmetry. All transitions appear as quartets,
according to the effect expected for the hindered internal rotation of two equivalent
methyl groups. The pattern is shown in Figure 3.3-left for the 2,1 < 1;, transition.
The experimental measurements for the C, parent specie were immediately extended to
other mono-substituted species in natural abundance, after a preliminary structure
adjustment. The mono-substituted species DMS (**C) or DMS (**0) have a reduced
symmetry. As a consequence, their rotational transitions are split into five components
labeled, according to the values of the torsional symmetry numbers ¢; and o>, as 00, 01,
10, 11 and 12 (or 00, 01, 10, 11 and 1-1 within the scheme of program XIAM 4,
described below). Such a quintet is shown in Figure 3.3-right for the 2,; «— 159
transition. In the parent specie, with equivalent rotors, the components 01 and 10 are
degenerate. Also notations based on the symmetry classification of the torsional
wavefunctions have been used. The rotational-torsional energy levels of the normal
DMS and monosubstituted DMS (**S) relate to the molecular symmetry (MS) group
G36, and their torsional wavefunctions are symmetry classified as A, G, E; and E3. Due
to the modified molecular symmetry, the roto-torsional energy levels of the others
singly substituted species relate to MS group G18 and their torsional wavefunctions are
symmetry classified as A, Ei, Ep, Es and Ez.'* The intensities of the lines of the
mono-substituted species DMS (**C) or DMS (**0) were about 2% and 0.4% that of the
normal species, showing that the carbon and oxygen atoms in the molecule constitute
pairs of equivalent atoms, according to the C, symmetry. Also the rotational spectrum
of DMS (*S) was assigned and its transitions have ca. 4.3% intensity of those of the
parent species. The complex rotational spectra of molecules with two methyl rotors
have been analyzed in the past with different model Hamiltonians™* % and recently
comparisons among the various methods have been made.?>%! In the present case all
components lines of each isotopologues were fitted with two different methods, both
referred to Watson’s A reduction and 1" representation.”” The first fit was done using
XIAM program (based on the combined axis method, CAM™), whereas the second fit
was performed using ERHAM program, which fits an effective rotational
Hamiltonian.*® Both programs allow fitting all kind of component lines
simultaneously. The results are reported in Tables 3.2 and 3.3 for the XIAM and

ERHAM fits, respectively. It is interesting to note that both program determine the
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angles ((a, 1), (b, 1), (c, 1)) that the internal rotation axis i of the methyl tops
forms with the principal axis of inertia (a, b, c); the values obtained with the two
methods are in a good agreement. However, ERHAM requires some expertise in
choosing the best set of parameters to be fitted, because the internal rotation is treated
by a Fourier expansion and the resulting numerical values are not easily interpretable. It
is established that the ERHAM method reproduces high frequency rotational spectra
with extremely accuracy,’ 2! while XIAM supply parameters with a clear physical
meaning. The XIAM experimental value of V3 (395.5 cm™) is in good agreement with
447 cm™ calculated at the MP2/6-311++G(d, p) level. ERHAM does not provide
directly the value of V3. However, the internal rotational parameters were used together
with its tunneling energy parameters in the Meyer’s flexible model described earlier!®!
to determine the leading terms of the torsion potential function. The V3 term of the
potential energy function, 394.5 cm™ for the parent species, agrees with the
experimental value obtained with the XIAM program. The missing of experimental
signals for the C; species confirms the conformational relaxation predicted in the ab
initio calculations section.

3.4.2 Molecular structure

To obtain the molecular structure, the absolute atomic substitution coordinates for
the heavy atom skeleton were calculated first by using the Kraitchman equations and
uncertainties estimated according to Constain’s rule (9z = K/|z, K = 0.15 A).#"?4 Both
rs and theoretical (in principle re) structures are reported in Table 3.4.

The sign of the ry atomic coordinates was inferred by the comparison with the
theoretical values. 02, O4 and C6 are equal by symmetry to O3, O5 and C10,
respectively. The S1 atom lies in the b-axis and it is very close to the a- and c-axes,
yielding unphysical imaginary coordinates upon isotopic substitution. Additionally, an
effective structure was calculated by a least-squares fit of thel5 rotational constants to a
set of 8 structural parameters (three bond lengths, three valence angles and 2 dihedrals
angles) defining the positions of the heavy atoms in the molecule.”) The others
parameters were fixed to the ab initio structure reported in Table 3.5. The effective

structure satisfactorily reproduces the A, B and C rotational constants for
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Table 3.4 Substitution and ab-initio coordinates of the DMS skeleton.

S 02 04 C6

rs Calc. rs Calc. rs Calc. rs Calc.
la/A  0.03299*i 0.000 0.752(2) -0.756 0.922(2) -0.926  1.9149(8) -1.919

bl/A  0.493(3)* -0.499 1.172(1) -1.174 0.498(3) 0497 1216(1) 1214
/A 0.04057% 0.000 0.990(2) 0.989 0.796(2) -0.795 0.06604* -0.025

® Error in parenthesis in the units of the last digit.

Table 3.5 MP2/6-311++G(d, p) calculated molecular structure of DMS.

Bond lengths/A Valence angles/® Dihedral angles/®

02s1 1.403

03s1 1.403 035102 123.9

0451 1.592 045102 109.6 04510203 -124.9

0551 1.592 055103 109.6 05S10302 -124.9

C604 1.446 C604S1 115.9 C604S5105 71.8

H7C6 1.092 H7C604 110.3 H7C604S1 -57.0

H8C6 1.090 H8C604 110.1 HB8C604H7 122.0

HIC6 1.088 HIC604 104.6 HIC604H7 -118.8
C1005 1.446 C1005S1 115.9 C1005S5104 71.8
H11C10 1.092 H11C1005 110.3 H11C1005S1 -57.0
H12C10 1.090 H12C1005 110.1 H12C1005H11 122.0
H13C10 1.088 H13C1005 104.6 H13C1005H11 -118.8

all isotopologues within 100 kHz. The substitution (rs), effective (ro) and equilibrium
(re) structure are compared in Table 3.6. The consistency among the three structures is
relatively good despite their different operational definitions. The fact that only pp-type
transitions were observed confirms that the molecule does have C, symmetry. Its C,
symmetry form, which is the less elongated one, is favored, similarly to
dimethoxymethane, by the anomeric effect [see Refs. 6-8]. The relative stability of the
three conformers C,, C; and C, is confirmed by NBO analyses.”% The
hyperconjugative interactions have been calculated into the E; (stabilization energies).
A decrease in the value of the GAE (generalized anomeric effect) in going from the C,
to the C,, and to the C; conformer according to the following values was found: E,(C,)
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= 1227.3 kdmol™, Ex(Cy) = 1225.7 kdmol™ and E»(Cy) = 1221.9 kJmol™, respectively.
This is an evidence of the anomeric stabilization in agreement with the experimental
observation. The distance along the series C,, C; and C,, between the methoxy oxygen
lone electron pairs of the two methoxy oxygen atoms decreases along the series C,, C;
and Cyy (2.534, 2.514 and 2.499 A in the r, structure). In the C; and C,, conformers the
methyl groups close to the S=O bonds hinder the opening of the O-S-O angle. Other
non bonding parameters of interest are the weak hydrogen bond lengths C-H~O
(between the methyl hydrogens and both S-O and S=O type oxygen atoms). As in
DMM, such a kind of distance is in the range 2.5-2.7 A, typical of this weak
interaction.*!! The increase of the stability, due to the shortening of the distance from
DMS to DMM, is reflected in the increasing of the methyl group Vs barriers. In fact
these interactions and their relatively influences modify the shape of the potential
energy function of the hindered motions.[#%%%

Table 3.6 Experimental (rs and ry ) and theoretical (r., MP2/6-311++G(d, p)) structural parameters of

DMS (C, symmetry).

Bond distances/A Valence and dihedral angles/®

rd o e rd ro e
S102  1.417(2) 1.416(2)  1.436 025103 122.8(3)  123.1(3) 123.9
S104  1570(3) 1575(3) 1.612 045102 110.2(3) 109.9(1) 109.6
04C6  1.461(2) 1.447(3)  1.446 C604S1 115.7(3) 116.6(2) 115.9
C6H8 1.090 045105 101.7(2) 101.6° 101.3
C6H7 1.093 04510203 124.5 124.7(2) 125.0
C6H9 1.088 C604S105 71.8 72.1(3) 728
O4H11 2.692° 2.716 C604S102 39.2 389° 379

2 Calculated by fixing to zero the |a| and |c| values of S and the |c| values of C6 and C10. ° Derived

parameters.

3.5 Conclusions

The rotational spectra of the most stable (C;) conformer of DMS and of all the

heavy atoms isotopologues have been assigned. It has then been possible to determine
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the experimental structure of the heavy atoms skeleton. Information on the internal

dynamics of the two methyl groups was also obtained. The analysis of the spectra has

been performed following two different approaches, which led to very similar

spectroscopic and structural values, by using XIAM and ERHAM programs. The failure

in observing other forms can be due to their higher energies and conformational

relaxation process upon supersonic expansion,™™® in accord with the potential energy

curve shown in Figure 3.2. The anomeric effect and the C-H O interactions seem to

play an important role in stabilizing the observed conformer.
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Chapter 4 Proton transfer in homodimers of carboxylic

acids. The rotational spectrum of the dimer of acrylic acid

4.1 Introduction

Pairs of carboxyl groups bind cooperatively together, since both units act as proton
donor and acceptor, forming a large eight-membered ring containing two hydrogen
bonds. Such a kind of hydrogen bonding is the strongest one found within neutral
species, with the monomers held together by more than 60 kdmol™. Gilli suggested
explaining such a “strong” interaction in terms of a resonance assisted hydrogen bond
model.™

Another interesting feature of these bi-molecules is that the concerted double
transfer of the protons corresponds to a motion with a double minimum potential
(Figure 4.1), which can generate tunneling doubling within spectroscopic studies,
useful to determine the barrier to the proton transfer.

Figure 4.1 Proton tunneling and potential energy function to the proton transfer in carboxylic acid bi-

molecules.
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At a first sight, homodimers do not possess a dipole moment, so that they cannot
be studied by microwave spectroscopy (MW).

However, admirable spectroscopic results have been obtained so far on the
homodimers of carboxylic acids with other high resolution techniques. Among them, a
rotationally resolved laser-induced fluorescence (LIF) investigation of the dimer of
benzoic acid™ allowed for the tunnelling effects to be measured.

LIF generally requires a chromophore, so that the homodimers of simpler
carboxylic acids have been investigated with other high-resolution methods such as
femtosecond degenerate four-wave mixing and Raman spectroscopy.

These methods supplied information, such as tunnelling splittings in the ground
and vibrationally excited states, on formic acid®®® and acetic acid™ homo-dimers.

This kind of complex has been investigated also by MW spectroscopy. Carboxylic
acid dimers were early observed with low resolution MW spectroscopic methods by
Costain in 1961™! and Bellot and Wilson in 1975.% Then Bauder and coworkers
provided detailed supersonic-jet FTMW analyses for some carboxylic acid bi-
molecules: the structures of CF;COOH:--HCOOH and CF;COOH-:-CH3;COOH have
been determined through the analyses of the rotational spectra of several
isotopologues.'*®! For the latter complex, also the Vs barrier to internal rotation of the
methyl group was determined. Antolinez et al. reported the MW spectrum of the
trifluoroacetic acid-cyclopropanecarboxylic acid bi-molecule.* In none of these cases,
doubling of the rotational transitions attributable to a double proton transfer tunnelling
Is observed. The proton transfer would have required, indeed, a simultaneous internal
rotation of the heavy CF; top to reach an equivalent potential energy minimum. The
resulting small reduced constants of the motion quench the tunneling effects.

Only recently, doubling related to the proton transfer have been observed on the
FTMW spectrum of the formic acid-propriolic acid dimer,™® but it was soon realized
that the spectral assignment was wrong. Precise proton tunneling data have been

reported one year later, following a broad band FTMW investigation.™®
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In 2011, Howard and collaborators published the results of their investigation on
the formic acid-acetic acid bi-molecule.™™ There, the double proton transfer motion is
coupled — in order to reach an equivalent minimum - with a 60° internal rotation of the
methyl group. The problem is similar to that encountered in the case of proton transfer

in methylmalonaldehyde.[*®]

Howard conducted a superb analysis of the two
dimensional problem, but its complexity made it difficult to obtain from the determined

splittings a precise and unique value of the barrier to the proton transfer.

In case of dimers without additional motion with respect to the coupled proton
transfer, it would be more direct to estimate the potential energy surface.

In their paper, Howard and collaborators claim that “only hetero dimers can be
studied by microwave spectroscopy”.*”! Actually, there are at least three cases in which
homo-dimers of carboxylic acids can give a rotational spectrum: (i) homodimers with a
dipole moment induced by asymmetric isotopic substitution, as observed so far only for
monomers, such as in the case of benzene-d1;"% (ii) homodimers of homochiral
carboxylic acids; (iii) homodimers of different conformers of the same carboxylic acid.

s-Cis s-trans
Jd 7 — ,-‘) AE(=Es—trams'Els-cis)
}‘ J — J , N =58(20) cm
/4 )
4 J . f 4\
2 ’ L

Figure 4.2 The two stable conformers of acrylic acid.

In this chapter, the case (iii) is considered, in relation to the dimer of acrylic acid
(AA). AA has been investigated by MW spectroscopy, and the rotational spectra of two
almost isoenergetic forms, shown in Figure 4.2, have been assigned.”” The
dimerization of acrylic acid produces four different bi-molecules, as shown in Figure
4.3. They can be divided in two pairs, where the two forms are converted each other
through a double proton exchange. The pair cis---cis/trans---trans is made of two
different non-polar conformers, with different energies. The pair cis---trans/trans---cis
is made of two equivalent polar conformers, with the same energies. For this form it is

then possible to measure the rotational spectrum and tunnelling effects are expected.
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Figure 4.3 Homo-conformational dimers of AA (s-cis---s-Cis, s-trans---s-trans) are non-polar, while

hetero-conformational dimers (s-cis---s-trans, s-trans:--s-cis) are polar molecules.

4.2 Experimental details

The spectra were recorded with the Fourier transform Bologna spectrometer
(6—18.5 GHz), described detail in reference [21] and also in chapter 2.

A commercial sample of acrylic acid was supplied by Aldrich and used without
further purification. A gas mixture of approximately 2% of acrylic acid in Helium at a
total pressure of 3 x 10° Pa was expanded through the solenoid valve (General Valve,
Series 9, nozzle diameter 0.5 mm) into the Fabry-Pérot cavity.

4.3 Theoretical calculations

Before searching for the spectrum, we performed B3LYP/6-311++G(d, p)
theoretical calculations®®” to estimate the relative energies of the dimers and of the
transition state and to predict the values of the spectroscopic parameters. The shapes of
the four conformers are shown in Figure 4.3, while the numerical results are reported in

Table 4.1. There, AE and AEy, are the energies relative to the more stable adduct, with
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and without zero point energy corrections. D, and Dy are the corresponding dissociation
energies, while By is the barrier to the proton transfer.

Table 4.1 Calculated (B3LYP/6-311++G(d, p)) values of relative energies, dissociation energies,
spectroscopic constants and dipole moment components of the three conformations of the AA dimer.

cis---Cis trans---trans cis---trans
AE/kJmol? 0? 2.13 1.09
AEq/kmol™ o° 1.81 1.02
D¢/kJmol™ 67.2 68.0 67.5
Do/kJmol™® 62.0 63.1 62.4
B,/kimol™ 29.5 274 27.9
A/MHz 4508 4888 4260
B/MHz 498 489 502
C/IMHz 448 445 449
Dy/kHz 0.02 0.02 0.02
D /kHz 0.00 -0.02 -0.05
Dy/kHz 2.26 1.95 2.73
d,/kHz -2.07 -1.84 247
d,/kHz -0.14 -0.10 -0.17
16/D 0 0 -0.02
14/D 0 0 0.90

2 Absolute value: -534.532034 Ej,. ® Absolute value: -534.395795 Ej,.

Geometry optimization and harmonic frequencies calculations were also run using
the counterpoise method which takes into account for the basis-set superposition error
(BSSE) correction./”! Whereas the resulting structural changes are negligible, the zero
point energy corrected dissociation energy values lower to Dy=58.6, 59.6, 59.0 kimol™
for the cis---cis, trans---trans, cis---trans conformers respectively. It is worthwhile
noting that the cis---cis and trans---trans species have a Cy, symmetry, while the
cis---trans form belongs to the Cs group. However feasible operation like the internal
proton transfer will increase the symmetry of the bi-molecules, that, in the case of a low
barrier to proton transfer will effectively be C,, for the cis---trans conformer.
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The geometries of the optimized structures of the minima were collected in Table
4.2 and the structure of the transition state for proton transfer was collected in Table 4.3.

Table 4.2 Optimized geometries of cis---trans conformer.

Bond lengths/A Valence angles/Deg. Dihedral angles/Deg.
H2H1 2.4498
C3H1 1.9142 C3H1H2 72.1
C4H2 1.9156 C4H2H1 71.9 C4H2H1C3 180.0
O5H1 0.9990 O5H1H2 1125 O5H1H2C4 180.0
06C4 1.2286 06C4H2 94.6 06C4H2H1 0.0
o7C3 1.2296 0O7C305 123.7 O7C305H1 0.0
0O8H2 0.9992 08H207 178.8 08H207C3 0.0
C9C3 1.4793 C9C305 115.3 C9C305H1 180.0
c1oc4 1.4817 C10C406 123.4 C10C406H1 180.0
C11C9 1.3326 Cc11c9C3 123.7 C11C9C305 0.0
C12C10 1.3318 Cil2c1oc4 121.4 C12C10C406 0.0
H13C9 1.0835 H13C9C3 1141 H13C9C305 180.0
H14C10 1.0836 H14C10C4 116.2 H14C10C406 180.0
H15C11 1.0839 H15C11C9 121.0 H15C11C9C3 180.0
H16C12 1.0834 H16C12C10 121.4 H16C12C10C4 180.0
H17C11 1.0834 H17C11C9 121.2 H17C11C9C3 0.0
H18C12 2.4498 H18C12C10 120.6 H18C12C10C4 0.0

The polar species is drawn again in Figure 4.4, in order to introduce some labels
used through the text. First of all, with respect to the general case of Figure 4.3, the two
hydroxyl hydrogens are different from each other. They are labeled as zusammen (Z) or
entgegen (E) the one close and the one far away from the two allyl groups, respectively.
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L
M

Figure 4.4 Atom labeling of the polar form of the (AA)..

Table 4.3 Optimized geometries of transition state of the double proton transfer connecting

cis:--trans/trans. -cis.

Bond lengths/A

Valence angles/Deg.

Dihedral angles/Deg.

H2H1
C3H1
C4H2
O5H1
06C4
07C3
0O8H2
CoC3
Cl10C4
C11C9
C12C10
H13C9
H14C10
H15C11
H16C12
H17C11
H18C12

2.1945
2.1075
2.1075
1.2706
1.2055
1.2069
1.2069
1.4800
1.4800
1.3322
1.3322
1.0835
1.0835
1.0836
1.0836
1.0838
1.0838

C3H1H2
C4H2H1
O5H1H2
06C4H2
O7C305
0O8H207
C9C305
C10C406
C11C9C3
C12C10C4
H13C9C3
H14C10C4
H15C11C9
H16C12C10
H17C11C9
H18C12C10

58.7

117.3
30.8

177.5
91.2

177.5
119.1
119.1
122.5
122.5
115.1
115.1
121.2
121.2
120.8
120.8

C4H2H1C3
O5H1H2C4
0O6C4H2H1
O7C305H1
0O8H207C3
C9C305H1
C10C406H1
C11C9C305
C12C10C406
H13C9C305
H14C10C406
H15C11C9C3
H16C12C10C4
H17C11C9C3
H18C12C10C4

0.0
180.0
180.0

0.0
180.0
180.0
180.0

0.0

0.0
180.0
180.0
180.0
180.0

0.0

0.0

57



Acrylic acid dimer

4.4 Results and discussion

4.4.1 Rotational spectra

The rotational spectra of the most abundant species (normal species), and of the
OD mono- and bi-deuterated species, prepared by mixing the sample with D,O were
collected. For simplicity, the normal and deuterated species were labeled as HH, DH,
HD and DD, where the first and second positions of the capital letter indicate the
isotopic (H or D) nature of the Z and E hydrogens, respectively.

The normal species was investigated first. This bi-molecule has a predominant uy
dipole component, so that the search of its uy, type transitions was targeted. Transitions
of the type (J+1)1,g+1) < Jo, transitions with J from 3 to 7 were observed and assigned
first. Each transition was split into two lines due to the proton tunneling and each of
them appeared as a doublet according to Doppler effect. The tunneling splitting of the
616505 transition of the parent, mono deuterated and bi-deuterated species were shown
in Figure 4.5. Then some K, = 2 « 1 transitions and some Q-branch transitions were
also measured. All transitions have been fitted simultaneously with a coupled

Hamiltonian using the Pickett set of programs,?? with the following expressions:

H = Y HF+hco+H™ withi =0, 1 (4.1)
and
H™ = AEq1+FapX(Pa Po+Pp Pa) (4.2)

where HX represents the rotational Hamiltonian for the state i. H*® accounts for the
centrifugal distortion corrections, corresponding to the I'-representation of Watson's "S"
reduced Hamiltonian,’®® assumed to be the same for both states. AEy; is the energy
difference between the v = 0 and v = 1 tunneling states. Fy, is the rotation-vibration
coupling parameter between the two states. The spectroscopic constants obtained are
reported in the first column of data of Table 4.4. A statistical weight of about 9/7 was

58



Chapter 4

observed in favor of the transitions with the starting rotational level having an odd value
(KatK) for v =0, and vice versa for v =1.

00
a) d) —
00 11
11 ‘ 1
M

|
"\ \\

|
J bLM,,“JbL w} \‘r} M

7/

8974.5 8975.0 8980.0 8851.3 8851.6

b) 00 c) 0*—‘0
11 ‘

1:|‘| F

|
o il

8892.0 8892.5 8933.5 8934.0 MHz

Figure 4.5 Observed the 6,6 «— 5¢s transition of a) HH, b) HD, ¢) DH and d) DD species.

Then the DH, HD and DD species were investigated. Since their AEg; splittings
were quite smaller than that of the HH species, it was difficult to fit simultaneously the
AEg; and the Fy, parameters. However, according to Pickett,?® These values could be
calculated from the rotation of the principal axes system to the reduced Eckart axes
system.”?” The calculated F,, values was slightly decreasing for the deuterated species
with respect to the normal species. So, in the fits the F,, parameters were fixed to the
values scaled according to these indications. The results of the three fits (including
scaled F4, values) are also given in Table 4.4. In the case of the deuterated species, the
hyperfine structure due to the quadrupole coupling constants of deuterium (I = 1) has
been partially resolved. The obtained quadrupole coupling constants are also reported in
Table 4.4. They are in good agreement with the ab initio values, y., = 0.20, yp, = -0.09
and y.c = -0.11 MHz, respectively, for both D; and Dg atoms.
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In spite of the fact that the direct interstate transitions were not observed, one could
determine the AE(; values for all isotopologues with good precision, may be rare to

attain with other techniques.

Table 4.4 Experimental spectroscopic constants of the observed isotopologues of (AA), (S-reduction, 1"

representation)

HH DH HD DD
Ao/MHz 4235.871(2)* 4207.2469(2) 4171.29706(9) 4142.9926(2)
A/MHz 4235.850(2) 4207.2450(2) 4171.29347(9) 4142.9921(2)
Bo/MHz 508.874(1) 507.8477(3) 507.95476(7) 507.0070(1)
B,/MHz 508.866(1) 507.8568(3) 507.95412(7) 507.0072(1)
Co/MHz 454.2853(2) 453.1437(3) 452.8074(1) 451.7206(8)
C/MHz 454.2793(2) 453.1420(3) 452.80468(7) 451.7253(7)
D,/kHz 0.0194(4) [0.0194]° [0.0194] [0.0194]
Djk/kHz -0.051(3) [-0.0517] [-0.0517] [-0.0517]
Dy/kHz 2.2(3) [2.215] [2.215] [2.215]
dy/kHz -0.0014(2) [-0.00142] [-0.00142] [-0.00142]
AEq/MHz 880.6(9) 117.0(9) 117.1(9) 30(4)
Fa/MHz -47.43(6) {47.03}° {46.73} {46.43}
Zaa(Z)IMHz 0.177(2) 0.182(5)
Zaa(E)/MHz - - 0.175(2) 0.182(5)

7 (E)/MHz - - 0.22(2)

olkHz® 2.2 3.0 3.3 3.4

N 82 94 92 100

 Error in parentheses in units of the last digit. ® Values in brackets have been kept fixed to the
corresponding values of the HH species. © Values in braces fixed at the scaled values, see text. ® ¥ = -

e - ROOt-mean —square deviation of the fit. fNumber of lines in the fit.

In principle, from the rotational constants of the deuterated species, one could
locate the rs positions® of the two hydroxyl hydrogens. However, both the fact that
these two atoms undergo a large amplitude motions and that the Ubbelohde effect!?® !
produces a shrinkage of the O---O distances between the two oxygen atoms involved in

each hydrogen bond, lead to meaningless values.
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4.4.2 Model calculations for proton transfer

From the measured tunneling splittings it is in principle possible to determine the
barrier to the concerted double proton transfer.

The situation is much more complex, however, than for the familiar determination
of a barrier hindering the internal rotation of a methyl group. In this latter case the
motion in question is well described by rigid frame — rigid top model, as its vibration is
usually at the lowest frequency and therefore well separated from the other molecular
vibrations. By contrast, proton transfer is a fast motion at high energy that involves
breaking and forming strong bonds, and it depends on the cooperative rearrangement of
slowly vibrating modes of heavy nuclei. A well-known example is the proton transfer in
malonaldehyde. For this system it has so far not been possible to derive the barrier
height directly from the experimental data, but a large amount of properties obtained ab
initio on a grid along the minimum energy path (MEP) have been needed to devise a full
dimensional model able to reproduce a set of observed properties.®!

Nevertheless, a simpler treatment of the most relevant molecular motions still
seems to be desirable for the interpretation of spectroscopic data. We therefore tried to
restrict the ab initio results to the stationary points of the potential energy surface and to
use the structural changes obtained when going from the saddle point to either
equilibrium configuration to define two modes of motion that are expected to be
coupled most with the proton transfer. The simultaneous transfer of the proton pair is
described by the displacement along the line connecting the carboxylic carbons from
their midpoint. After dividing by the displacement at equilibrium one obtains the more
useful reduced variable x. We note that the structure of the cis-trans acrylic acid dimer
at the saddle point (x = 0) has C,, symmetry, and that upon reaching equilibrium at x =
+1, the structural parameters (bond lengths and angles) change by amounts Si(+1) that
are predicted ab initio. S; involves a component [S¢(1)-S¢(-1)]/2 of symmetry species B,
and a component [Si(1)+Si(-1)]/2 of species A;. We associate these components with
reduced variables y; and y, that are assumed to follow the MEP if y; = x and y, = x°.
More generally the variables (x, yi, Y,) refer to a planar 3D system? where the
deviations from the MEP, y;-x and y,-x, are displacements of the virtual modes that are
used as representatives for the larger set of vibrations interacting with the proton
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transfer. The variable y; describes the B; type heavy atom motions, which are dominated
by changes of CO bond lengths and C-CO, rocking angles, while the variable y,
combines a large change of the distance between the two monomer units with several
smaller A; type displacements. The potential surface assumed as

V(X, Y1, Y2) = 8(X) {B2 (L1-x)*+[fu/s(1)] (y2-x)*+[f2/S(1)] (v2-X*)’} (4.3)

involves a shape function s(x) that ensures an asymptotic approach, along the MEP,
to the dissociation energy Dy and allows one to modify the barrier width by a factor wy,.

s(x) = 1/[1+Wp (B2/Do)*? x?+(B2/Dg) x*] (4.4)

Do as well as the barrier B, can usually be obtained ab initio whereas the force
constant factors f; = ki/2 (i = 1, 2) as well as the factor w, are difficult to predict and
should therefore rather be treated as parameters to be assumed or adjusted.

The proton motion in a deep double minimum potential involves high zero point
vibrational energy and is hence much faster than the heavy atom modes. A study by
Manz et al.*¥! for a prototype of coupled hydrogenic and heavy atom motion suggests
an adiabatic approach, similar to the one applied to electronic and nuclear motion.
Using methods developed for flexible molecules,* therefore the energy levels of the
proton motion (x) that depend parametrically on y; and y, were calculated in order to
obtain the “protonic’ contribution to the potential energy of the y; and y, vibrations. For
a symmetric reference system (y1 = 0, y» = 1) the levels are grouped into tunneling
doublets E,+, En. . Therefore we expect for each n two surfaces with avoided crossing
that are to be converted into crossing surfaces by referring to a ‘left’ and ‘right’
localized basis [{¢n.|, (¢nr|]. In this representation we get E,. = Enr = E, and the
interaction Wy, = (En+-En-)/2. For (y170, y»=1) the elements of the reference, En|@n){nLl,
are to be complemented by the elements of the potential energy difference,

|pmL) (mV(X, Y1, 1)-V(X, 0, 1)|én) (dn (4.5)

in order to obtain, after diagonalization, the surface point E; (y;, 1) and the expansion
coefficients Uy, for the lowest state ¢, (x; y1, 1) at y1 # 0 with respect to the reference

states ¢, (X; 0, 1). The corresponding point on the R surface, Ejr(y;, 1) is found
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similarly. Then the tunneling interaction for the lowest vibrational state of the transfer
motion is obtained as W(y1,1) = YaUnLi. Wn(0,1) Uprir. In the same way the y,-
dependent functions E;. (0, y2), Eir(0, y2) and W(O, y,) are calculated. To simplify the
computations the complete functions F(y1, y2) defining the two potential energy surfaces
and the tunnel interaction function (F = E;, Eir, W) are approximated by the one-

dimensional profiles as

F(y1, ¥2) = F(y1, 1)+F(0, y2)-F(0, 1) (4.6)

This means that we neglect kinetic energy interactions between the coordinates X,
y1and y,, and it makes it possible to calculate the 2D wavefunctions for the heavy atom
motions as products of 1D factors such as, x.(y1, ¥2) = ¥PL(ys) xPL(y2), where ) is
obtained as the lowest state of the y; motion with the potential energy profile E; (y:, 1)
and x®_ as the lowest state of the y, motion with the potential energy profile E1. (0, y>).

The tunnel interaction in the vibrational ground state is then given by

Wgs = Gy Y2)IW(YY2)lery, Y2)I) (4.7)
and the respective tunneling splitting by AE = -2Wg;.

As equations (4.3) and (4.4) involve five parameters, it is clear that their values
cannot be determined from the available experimental data alone. Therefore we have
fixed the presumably least important one, Do = 5216 cm™, at the B3LYP result. Then,
with different choices of fixed values for f; and f,, the barrier B, and the barrier width
parameter wy, were adjusted to fit the observed splittings for the HH, DH, HD, and DD
species, while expecting the barrier to remain in the range of the ab initio values 2328
cm™ (B3LYP) and 2723 cm™ (MP2). The relation of the assumed different values of the
f; and f, with the corresponding variations of the B, and w;, were collected in Table 4.5.
The parameter w,, affects the width of the barrier, a property relevant to reproduce the
ratio of the splittings of deuterated to the parent species. Table 4.6 shows the results
obtained with a set of parameters that could be a plausible interpretation of the data. The
chosen values f; = 220 cm™ and f, = 60 cm™ yield fundamental frequencies of 125 cm™
and 41 cm™ for the representative y; and y, vibrations, respectively. As may be expected
from Eq. (4.3), an increase in f; and/or f, will draw the system closer to the MEP, and

thus increase the effective mass of the resulting transfer motion. Therefore a lower
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barrier will be needed to offset the shrinking of the tunneling splittings. This is shown in
Table 4.5 that also led us to estimate the uncertainty of the barrier to proton transfer at
150 cm™,

Table 4.5 Variations of the B, and w;, parameters upon assuming different values of the force constants f;

and f,
Parameters
Calculated tunneling splitting
assumed adjusted
filem®  flem™  Byem® w1l AEgW/MHz  AEpu/MHz AEp/MHz AEpp/MHz
270 60 2390 0.20 879.83 118.53 115.01 21.23
220 60 2485 0.90 880.54 118.75 115.23 21.42
170 60 2658 2.10 881.36 118.80 115.31 21.48
220 80 2460 0.90 880.13 118.77 115.25 21.46
220 60 2485 0.90 880.54 118.75 115.23 21.42
220 40 2513 0.90 881.21 118.83 115.31 21.41

The barrier to proton transfer appears consistent with the ab initio value (see Table
4.1), but is quite lower than the tentative values calculated from the spectroscopic data
in some cases (see Table 4.7). As to the value for the benzoic acid dimer, the authors
give the B, = 6224 cm™ and report in parenthesis (7.45 kimol™), but it should be 74.5
kdmol™, exaggeratedly high.

Table 4.6 Results of the flexible model calculations.

Tunnelling Splittings Obs Calc
AEq(HH)/MHz 880.6(6)" 880.5
AEq1(DH)/MHz 117.0(9) 118.8
AEq1(HD)/MHz 117.1(9) 115.2
AEq1(DD)/MHz 30(10) 21.4

Determined parameters
B,/cm™ = 2485(150) W, =0.90°
f, = 220/cm™® f, = 60/cm™®

Errors in parenthesis are expressed in units of the last digit. ® Shape function parameter. ® Assumed, see

text.
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Table 4.7 Barriers to proton tunneling as estimated from the experimental spectroscopic data for some

carboxylic acid bi-molecules.

AEq/MHz B./cm™ Ref.
(CsHsCOOH), 1114.0(10)? 6224 2
(HCOOH), 474(12) 2480-5450 6,7,9
HCOOH-HC,COOH 291.428(5) 8000 16
HCOOH-CH;COOH 250.44(1)" 8000 17
(AA), 880.6(6) 2485(150) This work

2Errors in parenthesis are expressed in units of the last digit. ® This splitting is for the “A” state of the

internal rotation. A meaningless value of -136.167(3) MHz is reported for the “E” state.

4.5 Conclusions

In summary, the rotational spectra of four isotopologues of the dimer of acrylic
acid have been assigned. The most important results are: (i) it is possible to investigate
by rotational spectroscopy homo dimers of carboxylic acids; (ii) it is possible to
determine the barrier to the double proton exchange; (iii) however, the ratios between
the tunnelling splittings measured for the various H/D species which are the key
parameters which allow to estimate the dynamics of the skeletal structural relaxation;
(iv) the reduced mass of the motion changes step by step, so that a flexible model which

takes into account these changes is especially suitable for the evaluation of the barrier.
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Chapter 5 Conformational equilibrium, structure, and

isotopic effect in acrylic acid - formic acid bi-molecule

5.1 Introduction

Carboxylic acids tend to exist as dimers in solution or gas phase, forming an eight-
membered ring which includes two relatively strong OH---O hydrogen bonds (HB). The
combination of the two HBs with the electronic delocalization which can take place
within the two carboxylic groups, leads to one of the strongest HB assemblies found
within neutral species. Sometimes this kind of HB is called “resonance assisted” HB,!!!

and its bonding energy is more than 60 kJmol™.

This kind of adducts is also interesting because a double proton transfers takes
easily place, connecting either two equivalent, or two non-equivalent molecular
conformations. In the first case tunnelling effects are expected as what has been
discussed in chapter 4, which can lead to the determination of the potential energy
surface for the motion.” ¥ In the second case, a conformational equilibrium to
characterize the molecular system was expected. No reports matching the second case
are available, to the best of our knowledge, in the literature.

Moreover, already in the first MW study of the carboxylic acid bi-molecule,™ it
was outlined that the H — D isotopic substitution of the hydrogen atoms involved in the
HB was producing an increase of the O---O distances. This experimental evidence is
well known, in solid state, as Ubbelohde effect.”’! In gas phase, however, such an
increase is observed only in carboxylic dimers, while for complexes with the two
subunits held together by a single OH---O HB, a shrinking of the O---O distance is
observed.®!

In this chapter, the pulsed jet FTMW spectrum of a hetero dimer of carboxylic
acids, acrylic acid (CH,=CH-COOH) - formic acid (AA-FA), is presented. This is the

67



Acrylic acid — formic acid bi-molecule

first case in which the rotational spectra of two different conformers are observed for a
carboxylic acid dimer. In addition, plenty of structural information leading to a precise

measure of the above mentioned Ubbelohde effect will be provided.

5.2 Experimental details

Commercial samples of HCOOH, C,H3;COOH, and DCOOH were purchased from
Aldrich and used without further purification. The deuterated FA (HCOOD) and
deuterated AA (C,H3;COOD) were made by mixing the acid with D,O. The rotational
spectra in the 6-18.5 GHz frequency region were measured on a COBRA-type pulsed
supersonic-jet Fourier-transform microwave (FTMW) spectrometer as described in
chapter 2.

A carrier gas of He at a total pressure of 3 bar was streamed over the mixture of
FA and AA at room temperature, and expanded through the solenoid valve (General
Valve, Series 9, nozzle diameter 0.5 mm) into the Fabry-Pérot cavity. Each rotational
transition displays an enhanced Doppler splitting that originates from the supersonic jet
expanding coaxially along the resonator axes. The rest frequency was calculated as the
arithmetic mean of the frequencies of the two Doppler components.

5.3 Ab initio calculations

Before collecting the rotational spectra, MP2/6-311++G(d, p) geometry
optimization calculations were performed by using Gaussian 03 suite of programs.
The complex can adopt two configurations, depending on the cis or trans shapes of AA.
The cis form of AA-FA is calculated to be slightly more stable than the trans one,
according to the stability order of the AA monomer.'” Both conformers have strong u,
and weak u, dipole moment. B3LYP calculations with the same basis set were also
performed, the resulting theoretical rotational constants, dipole moments and the
dissociation energy of the two conformers are reported in Table 5.1 together with those
obtained with MP2 method.
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The molecular sketches, principal axes and the relative energies are shown in
Figure 5.1, together with the atomic numbering used in the structural analysis.

Table 5.1 MP2/6-311++G(d, p) and B3LYP /6-311++G(d, p) calculated spectroscopic parameters of AA-

FA.
cis trans
Parameters
B3LYP MP2 B3LYP MP2
AIMHz 5010 4960 5417 5394
B/MHz 953 952 934 929
CIMHz 800 798 796 792
Dy/kHz 0.064 0.059 0.0717 0.0434
Dy/kHz 2.000 2.848 1.089 4.148
Dy/kHz 4.315 10.145 0.808 33.223
dy/kHz -0.00708 -0.00288 -0.0104 0.00494
do/kHz -0.00357 -0.00427 -0.00227 -0.00379
ARSRPAS 1.4,0.4,0.0 1.2,0.3,0.0 1.4,0.2,0.0 1.2,0.2,0.0
D, Dep/kJmol™ 66,62 64, 51 66,62 64, 52

8D and Dcp are the dissociation energy and the corresponding BSSE corrected value.

b b
o 43 12 )9 5 6 11
3 4 3/
8 & . oo 10 14 BJJ ’ J 10 14
2*_ -------------- . 2 T - Y R &9
! r @ 20
7 5"_‘6) 1 > 4 13 12
AE, AEy, AEcplcm™ cis trans
MP2 0 90, 37,78
B3LYP 0 92, 82,46

Figure 5.1 Molecular sketch, principal axes, atom numbering and relative energy of the cis and trans
conformers of AA-FA. The absolute energies calculated at MP2/6-311++G(d, p) level are -455.928832, -
455.825380, -455.923985 E;, for E, Eq and Ecp, respectively. These values are -457.105941, -457.002686,

-457.104403 E;, from B3LYP calculations.

Frequency calculations proved the two conformers to be real minima, and provided

the resulted centrifugal distortion constants given in Table 5.1. Counterpoise
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corrections™* were calculated in order to remove the well known basis set superposition
error (BSSE).

In addition, the potential energy function to the double proton transfer, which
interconverts the two conformers, has been calculated at the B3LYP level, and it is
shown in Figure 5.2. In the left part of the graphic, corresponding to the most stable (cis)
conformer, the potential energy is given as a function of the change of the ros.4s bond
distance (see Figure 5.1) with respect to the transition state (top of the barrier) value,

while in the right section it is given as a function of the roi2.413 bond length.

The value of the barrier to proton transfer (2453 cm™) is in a very good agreement
with those, experimentally obtained, of the acrylic acid dimer? and of the formic acid —
benzoic acid®® bi-molecules. In the cases of these last two dimers, the experimental
evaluation of the barrier to proton transfer has been made possible by measuring the
tunnelling splittings, related to the symmetric double minimum potentials, of several

isotopologues.

3000

2000 |

AE/cm™

1000 |

AE=92cm’
o N v A
+0.4 +0.3+0.2 +0.1 0 +0.1 +0.2 +0.3 +04

-Ar(O5-HB)/A «— —>-Ar(O12-H13)/A

Figure 5.2 Potential energy surface of the double proton exchange motion in AA-FA.
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5.4 Results and discussion

5.4.1 Rotational spectra

According to the indications of the ab initio calculations, the first search for the
rotational transitions was focused on the u,-type transitions of the both cis and trans
conformers. The observed lines were assigned to J = 5 < 4 band, K, = 0, 1 transitions
of the two corresponding conformers, which were shown in Figure 5.3, each line
appears as a doublet because of the Doppler effect. Then more u,-type transitions with J
from 4 up to 10, K, up to 3 were found and assigned. Several wu,-type transitions were

also measured and put into the fit.

.............................................................

m<
| 2

53344

| |

WVM i | ¥

8773.8 8774.8 8885 8886

Figure 5.3 Frequencies and intensities of the J 5«4 u,-band of both cis and trans AA---FA. The single

transitions are labeled in the Figure according to: *5;5<—414, B 505404, A 514413, 554453, # Hyge—4p,.
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The measured lines were fitted by using Pickett’s SPFIT program,[lz] according to
the Hamiltonian:

H = Hg+Hcp (5.1

where Hgr and Hcp represents the rigid rotational part and the centrifugal distortion
contributions, respectively of the Hamiltonian. The S reduction and 1" representation
have been used.[*¥! The resulting values of the spectroscopic constants are collected in
Table 5.2 and 5.3 for the cis and trans conformers, respectively.

In order to obtain structural information on the two complexes, after the
assignment of the most abundant species, the spectra of many isotopic species were
measured. They include four deuterated isotopologues for each conformer, that is AA-
DCOOH, AA-HCOOD, AA(OD)-FA, and AA(OD)-FA(OD). The -corresponding
rotational constants have been reported in the right columns of Tables 5.2 and 5.3 for
cis and trans, respectively. In addition, 8-14 transitions of the 4 isotopologues with one
3C atom in natural abundance have been measured for both conformers. The obtained
rotational constants are given in Table 5.4.

Finally, in order to obtain detailed information on the Ubbelhode effect (see the
section below), the rotational spectra of some mixed *C and OD deuterated species
were also measured. This was possible only for the most abundant conformer, cis.
The obtained rotational constants are listed in Table 5.5.

Table 5.2 Spectroscopic parameters for cis AA-FA.

Parent D14 D13 D6 D6&D13
AIMHZ*  5039.6126(4)" 5036.694(1) 4974.441(5) 4961.220(5) 4896.813(5)
B/MHz 964.15536(4) 938.0629(4)  959.8600(5)  962.1740(5) 958.0517(6)
C/MHz 810.02227(4) 791.4872(4)  805.3080(6)  806.5813(6) 801.9792(7)
oIkHz 0.6 4.0 4.2 43 3.3

N¢ 46 25 13 13 11

®First order centrifugal distortion constants have been determined for the parent species: D;, Dy, Dk, d1,
d, =0.089(1), 0.348(2), 2.600(1), -0.016(1), -0.00229(1) kHz, respectively. This set of parameters has
been fixed to the parent species values for the other isotopologues. ° Error in parentheses in units of the
last digit. S RMS error of the fit.  Number of lines in the fit.
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Table 5.3 Spectroscopic parameters for trans AA-FA.

Parent D14 D13 D6 D6&D13
AIMHZ®  5376.748(4)" 5367.511(1) 5312.636(5) 5314.093(5) 5250.130(5)
B/MHz  946.7892(4) 921.7410(4) 941.1633(7) 944.8521(7) 939.4106(7)
C/MHz  805.8053(4) 787.4245(4) 800.2957(7) 802.9958(7) 797.6058(7)
olkHz 1.1 3.6 3.2 4.1 3.3

N¢ 48 23 11 11 11

®First order centrifugal distortion constants have been determined for the parent species: D;, Dy, Dk, d1,
d, =0.088(1), 0.20(2), 2.7(9), -0.015(1), -0.0014(9) kHz, respectively. This set of parameters has been
fixed to the parent species values for the other isotopologues. ® Error in parentheses in units of the last

digit. °RMS error of the fit. “ Number of lines in the fit.

Table 5.4 Rotational constants of the **C species of AA-FA.?

Bc10 Bc1 Bc2 Bc3
cis
A/MHz 5039.042(4)° 5037.273(4) 5032.408(4) 5016.638(5)
B/MHz 950.6067(5) 962.1708(4) 952.6111(4) 944.2989(5)
C/MHz 800.4296(6) 808.5659(3) 801.6836(6) 795.3920(6)
o°/kHz 4.1 3.7 3.4 3.3
N¢ 14 13 13 13
trans
A/MHz 5373.2(2) 5373.0(2) 5362.3(2) 5364.0(2)
B/MHz 933.7569(7) 944.9290(7) 935.9192(7) 926.8512(7)
C/MHz 796.2761(7) 804.3768(9) 797.6041(8) 791.0490(9)
o°/kHz 3.6 2.6 2.4 4.1
N 9 8 9 8

“First order centrifugal distortion constants were fixed to the values of the parent species.  Error in

parentheses in units of the last digit. *RMS error of the fit. “ Number of lines in the fit.
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Table 5.5 Rotational constants of the **C species of some deuterated isotopologues of cis AA-FA.?

C10 c1 c2 C3
1) D6

AIMHz 4960.6(1)" 4954.5(1) 4938.7 (1)
B/MHz 948.7068(7) 950.6247(7) 942.3244(7)
C/MHz 797.0807(7) 798.2799(9) 792.0077(9)
o°lkHz 3.2 3.0 4.1

N 9 8 8

2) D13

AIMHz 4974.0(1) 4972.2(1) 4967.5(1) 4952.1(1)
B/MHz 946.4924(7) 957.8495(7) 948.3020(7) 940.0763(7)
C/MHz 795.8682(7) 803.8299(9) 796.9802(7) 790.7663(7)
ofkHz 3.1 3.0 4.6 3.8

N 8 7 9 9

3) D6&D13

AIMHz 4896.5(1) 4894.9(2) 4890.4(1) 4874.5(1)
B/MHz 944.7561(7) 956.0266(8) 946.4860(7) 938.2690(7)
C/MHz 792.6318(9) 800.5028(7) 793.6904(7) 787.4918(9)
olkHz 2.9 2.3 2.9 2.6

N 8 8 9 8

®First order centrifugal distortion constants were fixed to the values of the parent species. ® Error in

parentheses in units of the last digit. RMS error of the fit. “ Number of lines in the fit.

5.4.2 Relative population of the two conformers in the jet

Relative intensity measurements of several nearby s, and u,-type transitions
allowed to estimate the relative population of the two conformers in the supersonic
expansion. It is not so obvious to obtain, from this data, the relative energy. This
because, as outlined in other papers, when the one FA molecule meets the AA
molecules, it is more probable that it meets a cis-AA molecule, which is more abundant.
Then the rapid cooling freezes the system, without possibilities of reaching an
equilibrium situation. If one would, however, try to calculate the relative energy,
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assuming that the rotational energies of the initial states of the transitions involved in
the relative intensity measurements are about the same, the following expression can be
used: 4

AAG®) = AG’t-AG % = K-Troom IN[(Ic @r ta1 71 vi)(IT ax tac yc v (5.2)

where | is the peak intensity, @ the conformational degeneracy (1 for both of the
conformers), 1 4 the dipole moment component, y, the line strength, 4 the transition
frequency. One would obtain the value A(AG) = 170(50) cm™ which is practically the
energy difference in the AA monomer.

5.4.3 Dissociation energy

A pseudodiatomic model was applied to calculate the dissociation energy (D) of
the complex. An approximated value of the stretching force constant (ks) can then be

estimated: ™

ks = 167" (1 Rem)® [4B*+4C*-(B-C)* (B+C)?)/(h D)) (5.3)

where g is the pseudo-diatomic reduced mass and Rew (= 3.828 A and 3.852 A for
cis and trans conformer, respectively) is the distance between the centre of mass of the
two subunits. The value ks = 43.0 and 41.7 Nm™ have been obtained, which corresponds
to harmonic stretching frequencies of 161 and 158 cm™ for the cis and trans complexes,

respectively.

The assumption of a Lennard-Jones type potential relates the dissociation energy D
to k:*®

D = 1/72 ks Rem? (5.4)
The values D ~ 53 and 52 kJmol? has been obtained for cis and trans,

respectively. These values are quite similar to those obtained when applying the
BSSE corrections to the ab initio data.
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5.4.4 Structures and Ubbelohde effect

Table 5.6 MP2/6-311++G(d, p) geometry of cis AA-FA.

Bond lengths/A Angles/® Dihedral angel/®

c2c1 1.4837

C3c2 1.3412 c3cacl 120.8

04c1 1.2287 o4c1c? 1235 04C1C2C3 0.0

05C1 1.3275 05C1C2 112.2 05C1C2C3 180.0

H605 0.9891 H605C1 108.9 H605C1C2 180.0

H7C2 1.0848 H7C2C1 116.8 H7C2C104 180.0

H8C3 1.0845 H8C3C2 1211 H8C3C2C1 180.0

H8C3 1.0855 H8C3C2 120.3 H8C3C2C1 0.0
C10C1 3.8496 c1oc1ic3 152.1 C10C1C3C2 180.0
0o11c10 1.2218 011c1oc1 58.5 011cC10C1C3 180.0
012C10 1.3176 012C10011 126.2 012c10011C1 0.0
H13012 0.9934 H13012C10 108.6 H13012C10011 0.0
H14C10 1.0956 H14C10011 122.3 H14C10011012 180.0

Table 5.7 MP2/6-311++G(d, p) geometry of trans AA-FA.
Bond lengths/A Angles/® Dihedral angel/®

Cc2C1 1.4807

C3c2 1.3420 c3cac1 123.2

0o4c1 1.2304 o4c1c2 121.2 04cC1c2C3 180.0
05C1 1.3268 0O5C1C2 114.6 05C1C2C3 0.0
H605 0.9886 H605C1 108.7 H605C1C2 180.0

H7C2 1.0849 H7C2C1 114.6 H7C2C105 180.0

H8C3 1.0850 H8C3C2 120.7 H8C3C2C1 180.0

H8C3 1.0846 H8C3C2 121.0 H8C3C2C1 0.0
C10C1 3.8498 c10c1c3 155.4 C10C1c3c2 180.0
0O11C10 1.2219 0O11cC10C1 58.4 0O1l1c10C1C3 0.0
012C10 1.3174 012C10011 126.3 012c10011C1 0.0
H13012 0.9934 H13012C10 108.6 H13012C10011 0.0
H14C10 1.0955 H14C10011 122.3 H14C10011012 180.0
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ab initio calculations suggested that the two conformers have a plan of symmetry.
The equilibrium structure of the two forms obtained with MP2/6-311++G(d, p)
calculation was collected in Tables 5.6 and 5.7.

Table 5.8 r coordinates of the isotopically substituted 7 atoms of cis AA-FA. In parentheses the errors in

units of the last digit.

alA b/A

Exp. Theor. Exp. Theor.
C10 +2.73979(3) -2.765 +0.095(1) 0.115
C1 +1.04144(8) 1.069 +0.2120(4) -0.229
C2 +2.52577(3) 2.546 +0.3786(2) -0.363
C3 +3.32626(4) 3.334 +0.6862(2) 0.722
H14 +3.82063(3) -3.854 +0.2147(5) 0.228
H13 +1.5297(1) -1.177 +1.1491(1) 1.133
H6 +1.0425(1) -0.520 +1.2573(1) -1.262

Table 5.9 r coordinates of the isotopically substituted 7 atoms of trans AA-FA. In parentheses the errors

in units of the last digit.

alA b/A

Exp. Theor. Exp. Theor.
C10 +2.7357(3) -2.762 +0.245(4) 0.265
C1 +1.0270(9) 1.049 +0.254(4) 0.265
C2 +2.4951(4) 2.507 +0.506(2) -0.526
C3 +3.3959(3) 3.428 +0.476(2) -0.449
H14 +3.81043(4) -3.850 +0.3916(4) 0.403
H13 +1.7849(1) -1.451 +1.0683(1) -1.090
H6 +1.0440(2) -0.268 +1.0532(2) 1.093

The rotational constants are available for 7 isotopologues with a single atom
isotopic substitution for each complex. It is then possible to determine the rs substitution

coordinates™*” of the isotopically substituted atoms, 4 carbons, 1 alkyl and 2 carboxyl
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hydrogen atoms. The obtained coordinates are reported in Tables 5.8 and 5.9 for the cis
and trans conformers, respectively, and there compared to the ab initio values. Since the
complexes are planar, the c-coordinates have been fixed to zero.

One can see that the discrepancies between experimental and calculated values of
the values of the a-coordinates of the carboxylic hydrogens are much larger than the
remaining ones.

Such a kind of irregularity concerning the behavior of the OD deuterated species is
confirmed by the differences between the model calculated and the observed positions
of the rotational transitions of these isotopologues. Figure 5.4 shown that the
experimental (upper lines) and model calculated (with the ro structure of Table 5.10,
lower lines) frequencies (intensities not to scale) of the 5¢s-4¢4 transition for all
isotopologues of interest. One can see, indeed, that the model works well in predicting
the frequency shifts for all *C and DCOOH species, but not for the carboxylic
hydrogen’s mono- or bi-deuterated species.

Exptl.
D14 D6&D13 Parent
3C3 B3C10 D13 D6
Mod. ! i 51302
8600 8700 8800
Frequency/MHz

Figure 5.4 Experimental (upper lines) and model calculated (lower lines, see text) frequencies of the 5gs-
4, transition for several isotopologues. The irregularities observed for the OD deuterated species (in red)

underline the Ubbelohde effect.

It has been possible, however, for both conformers, to give partial rs geometries for
the structural parameters involving the other substituted atoms. In addition, a partial
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refinements of the r, (ab initio) structures have been performed in order to minimize the
discrepancies between experimental and calculated values of all available rotational
constants. The results are compared in Table 5.10 to the ab initio values.

Table 5.10 Experimental (rs and ro) and theoretical (r,, MP2/6-311++G(d, p)) structural parameters of

AA-FA.
Bond distances/A Valence angles/®
fs o le rs o le
cis
C1C10 3.7937(1)% 3.806(1)  3.850 011C10C1 59.0(6) 58.5

c1c2 1.4936(1) 1.484° 1484  C10C1C3 153.89(2)  153.9(2) 152.1

C2C3 1.3321(2) 1341 1341  Cl04H13 1249 1278
H6011 1652 1725  C10011H6 1236 1257
H1304 1663 1687  O4H13012 1791 1792
H14C10  1.0874(1) 1096  1.096  OIL1H605 1775 1792

c1c2c3 120.53(2) 1208 12038
trans

C1C10 3.796(1)  3.805(1) 3.850  011C10C1 58.3(4) 584

C1C2 1.490(1) 1481 1481  C10C1C3 155.3(2)  154.6(3) 155.4

C2C3 1.333(2) 1342 1342  Cl04H13 1271 1280
H6011 1660 1721  C10011H6 1253 1257
H1304 1661  1.690  O4H13012 1790 1789
H14C10  1.0847(6) 1.096 1096  O11H605 1792 1796

c1ca2c3 122.8(2) 1232 1232

Uncertainties (in parentheses) are expressed in units of the last digit. ® Derived parameters.

Once again, the partial ro structure involving the carboxylic hydrogen displays
discrepancies with respect to the ab initio values. The discrepancies relative to the
unexpected changes in the rotational constants upon H — D substitution of the
carboxylic hydrogens are removed if an increase the C2---C10 distance was taken into
account, which is the considered deuteration cause the two subunits to move slightly
apart. This increase can be calculated from the rs coordinates of two carbon atoms, one
belonging to one subunit, and the other to the second subunit. The rs data are available
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only for the cis conformer (combining the data from Tables 2, 4 and 5), which are
shown in Table 5.11.

Alternatively, the ry increase of the C2---C10 distance required to match the
frequencies of the upper red lines with those of the lower red lines of Figure 5.4 was
calculated. Those shifts are attributable, indeed, to the Ubbelohde effect. This
corresponds to change the C2---C10 distance (rcz...c10) i such a way to minimize the
difference between the observed and model calculated (B+C) values, according to:

A(B~+C)obs~A(B+C)caic = [0(B+C/0rca...c10]p=cost Alca--c10- (5.5)

Table 5.11 r, distances between the C2 and C10 carbon atoms in the parent and some OD deuterated

species of cis AA-FA, and their shifts upon deuteration.

rdA A(rg(D)-rg(H))/mA
Parent 5.2868(3)?
D6 5.2915(12) +4.6(12)
D13 5.2937(14) +6.9(14)
D6&D13 5.2961(15) +10.3(15)

# Uncertainties (in parentheses) are expressed in units of the last digit.

Table 5.12 rq shifts (Arg) upon deuteration OD of the distances between the C2 and C10 carbon atoms of

cis and trans AA-FA.

A(rg)/mA
cis trans
D6 +3.8(12)° +4.4(10)
D13 +4.2(12) +4.4(10)
D6&D13 +8.4(12) +8.4(10)

& Uncertainties (in parentheses) are expressed in units of the last digit.

The required ry corrections upon deuteration are shown in Table 5.12.
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From the data of Tables 5.11 and 5.12 the Ubbelohde effect is exactly quantified.
As expected, the rs and ry increases are very similar, and the effects of the two single
deuterations appear to be additive.

5.5 Conclusions

This is the first study concerning the investigation of the conformational
equilibrium, with rotational spectroscopy, which occurs in dimers of carboxylic acids.
In addition, the investigation of the rotational spectra of a high number of isotopologues
provided accurate structural information. More specifically, the measure of the
rotational spectra of the *C isotopologues of the parent and OD deuterated species
allows to sizing the Ubbelohde effect, which for this kind of dimers corresponds to an
increase of the distances between the heavy atoms of the two moieties. This effect is
reversed with respect to that (some times called reversed Ubbelohde effect) observed in
dimers of aliphatic alcohols, where the OH — OD substitution of the hydrogen involved
in the hydrogen bond determine a decrease of ~0.006 A of the O---O distance. The
different behavior is connected to the two minima (carboxylic acid dimers) or to the
single minimum (alcohol dimers) which characterize the corresponding potential energy
surfaces.
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Chapter 6 Conformational equilibria in adducts of
alcohols with ethers: the rotational spectrum of ethylalcohol-

dimethylether

6.1 Introduction

Many hydrogen-bonded molecular complexes have been investigated by rotational
spectroscopy, especially after the development of Fourier transform microwave
(FTMW) spectroscopyt”! Generally, the investigated systems contained a relatively
large organic molecule interacting with a small solvent molecule, such as H,0,!?! NH,!
or HXM™ (where X is a halogen atom or a pseudo-halogen group). A wealth of
information about their shapes and on the intermolecular interactions has been obtained.
More recently, some larger hydrogen bonded molecular complexes, made of two
relatively large moieties, have been investigated by FTMW spectroscopy combined
with supersonic expansions. Some of these complexes were dimers of chiral alcohols
and so related to the topic of molecular recognition. This was the case of butan-2-ol
dimer, for which one heterochiral dimer was assigned.’) The rotational study of the
dimers of glycidol lead to the observation of dimers arising from the combination of
different conformers,'® so giving insight to the molecular recognition of chiral
conformers. Subsequently, the rotational spectra of three conformers of induced chiral
dimers of ethanol,!”? and of 5 conformers of induced chiral dimers of isopropanol™ have
been reported. From the study of the OD deuterated species of some conformers of the
dimer of isopropanol® and of the dimer of tertbutylalcohol,® a quantitative description
of the Ubbelohde effect,' that is, a shortening of about 5-7 mA of the O---O distance
upon H — D substitution has been given. However, no FTMW investigations are
available, to date and to our knowledge, concerning adducts formed by the combination
of relatively large molecules of alcohols and ethers. In order to obtain information on
this class of molecular complexes, the adduct ethylalcohol- dimethylether (EA-DME)
was investigated by using FTMW spectroscopy.

83



Adducts of alcohol with ether

Isolated EA is characterized by three conformational minima, two of which
(gauche) are equivalent, as illustrated in Figure 6.1, and correspond to H-C-O-H
torsional angles of about 60° and -60°, respectively. The third minimum (trans
conformation) corresponds to an H-C-O-H torsional angle of 180°. The trans species is
slightly more stable than the gauche one, by 39.2 cm™ ™ but the latter one is slightly
more abundant at room temperature. The two gauche conformations form an
enantiomeric pair. In the monomer, these are rapidly interconverted by quantum
mechanical tunneling which occurs at a frequency of around 97 GHz,** constituting
then a transient chirality system. However, in the complex, the reduced mass of the
tunneling motion would be much larger and it could quench its tunneling effects. Then,
assuming that EA will act as a proton donor in forming the O-H---O linkage, the related
interesting problematics are: 1) will EA be in its trans or gauche configuration in the
complex, or can both conformers be observed? 2) How will the relative energies of
trans and gauche configurations change upon complexation with DME? 3) in the case
EA adopts a gauche configuration, what will it happen to its transient chirality? 4) will
the Ubbelohde effect produce sizable features in the rotational spectra?

SRS
Yo Yo¥ Yo
CH;’A"'V\“ H /\m.‘_}\_ H H /\1_/’\.. CH.
H H H
G’ ()] G

Figure 6.1 The three stable conformations of ethylalcohol (G and G’ are equivalent).

6.2 Experimental section

Commercial samples of EA and DME were used without further purification. A
mixture of 1% of DME in Helium at a pressure of ~2 bar was flown over EA at room
temperature, and expanded through the solenoid valve (General Valve, Series 9, nozzle

diameter 0.5 mm) into the Fabry-Pérot cavity to generate the expansion. OD
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monodeuterated species were observed when flowing DME in Helium over a mixture of
EA and D0.

6.3 Results and discussion

6.3.1 Ab initio calculation

Before collecting the rotational spectra, ab initio calculations was performed first
using the Gaussian 03 package of programs,*? in order to estimate the plausible
conformations of the complex and the values of its electric dipole moment components.
The geometry of EA-DME is determined by the O-H---O hydrogen bond. The hydrogen
bridge length estimated at MP2/6-311++G(d, p) level, for the gauche conformer, is
2.828 A, the OH and O---H are 0.969 and 1.859 A respectively. Instead, for the trans
conformer, the hydrogen bridge length is 2.820 A, the OH and O---H are 0.969, 1.851
A. The results and the shapes of the two most stable conformers of the complex are
shown in Table 6.1.

Table 6.1 MP2/6-311++G(d, p) calculated structures, energies and spectroscopic constants of the 2 most

stable conformers of EA-DME.

EA-gauche EA-trans
2
"] .
J 2 W
Q/ D300 @
4 >
Jd
) ) -
AE/cm™ 0.0° 108.0
A/MHz 4982.9 7367.5
B/MHz 1410.6 1063.2
C/MHz 1266.5 996.0
1talD 2.6 2.9
/D 1.1 0.0
/D -1.3 -1.2

# Absolute energy = -309.281305 Ej,
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6.3.2 Rotational spectra and analysis

According to the theoretical values of the rotational constants, of the calculated
dipole moment components and of the relative intensities of the predicted rotational
transitions in the spectrometer frequency range, the first search has been targeted for the
gauche conformer, which is expected to be the most stable species. The J = 3 « 2 uy-R-
band was observed first, and then the assignment was extended to higher J u-R-lines,
up to J = 6. Then, it was possible to measure some perpendicular up- and uc-type
transitions, for a total of 28 transitions. Subsequently, the spectrum of the trans
conformer was searched, succeeding in observing u,-R-bands from J: 4 — 3 uptoJ=9
«— 8. Also some uc-type transitions have been measured, for a total of 30 transitions.
The spectra were fitted with a Watson’s type Hamiltonian (S reduction, I'
representation),*®! obtaining the spectroscopic constants reported in Table 6.2.

Table 6.2 Spectroscopic parameters (S-reduction, I™-representation) for the gauche and trans forms of

CH3CH,0OH:--DME and CH3;CH,0OD---DME.

Gauche Trans

OH-DME OD-DME OH-DME OD-DME
A/MHz 5020.0468(2)" 4993.509(3) 7440.952(6) 7423.715(4)
B/MHz 1369.0730(7) 1370.8588(5) 1048.8480(7) 1050.8140(5)
C/MHz 1221.0046(5) 1222.5066(6) 978.1512(8) 980.2217(6)
D,/kHz 1.993(8) 1.916(6) 0.668(3) 0.652(5)
D k/kHz 18.09(5) 18.0(2) 133.95(7) 130.7(2)
Dy/kHz -108.8(6) [-108.8] " 26(2) [26]
dy/kHz -0.074(7) [-0.074] -0.065(6) [-0.065]
do/kHz -0.20(1) [-0.20] -0.038(1) [-0.038]
oIkHz 5 5 7 4
N¢ 28 16 30 12
P.a/uA? 341.186 340.424 465.296 464.220
Poo/UA? 72.718 72.972 51.372 51.356
P JuA? 27.954 28.235 16.547 16.720

#Error in parentheses in units of the last digit.  Data in brackets were fixed at the corresponding normal
species values because they are not determined in the fit. *RMS error of the fit.  Number of lines in the

fit.
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The rotational constants of the two species are so markedly different that the
conformational assignment is immediate when comparing the experimental values to
the theoretical data of Table 6.1.

After a refinement of the intermolecular parameters, the spectra of the OD
deuterated species was predicted. All u,-R-type transitions were expected at lower
frequencies with respect to those of the normal species, due to the decrease of the (B +
C) rotational parameter. Bands similar to those of the normal species but, for both
conformers, at higher frequencies than those of the normal species were observed. This
frequency inversion is shown in Figure 6.2. However, apart from this effect, the spectra
of the deuterated species could be fit with the same procedure used for the normal
species, and the obtained spectroscopic parameters are also reported in Table 6.2. One
can see from the values of the rotational constants given in Table 6.2 that the H — D
replacement of the hydroxyl hydrogen participating in the hydrogen bond leads to an
increase of these rotational constants. This effect is better outlined by the values of the
Paa (Y mia;?) planar moments of inertia, which represent the mass distribution along the
a-axis. The P, values decrease, with respect to normal species, upon H — D isotopic
substitution. This shows unequivocally shrinkage of the complex along the a-axis. To
reproduce the value P,, expected in the case of a rigid system for a H — D substitution
a shortening of about 6 mA of the O---O distance is required for both conformers.

6.3.3 Conformational equilibrium

Relative intensity measurements on some pairs of nearby u,-type lines of the two
conformers allowed measuring the relative population of the two conformers. Because
of the relaxation of the molecules in vibrational excited states to the vibrational ground
state, A(AG®) rather than AEg, can be estimated. There, A(AG) is a special kind of
difference of free energy, which takes into account only the difference in vibrational
state density below the interconversion barrier of the two conformers.

Assuming that the rotational energies of the initial states of the transitions involved
in the relative intensity measurements are about the same, the following expression can
be used [Eq. (6.1)]:1
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AAG®) = AG’t-AG = K- Troom IN[(l @r a1 71 Vi) (It 6 tas 76 V&) (6.1)

where 1 is the peak intensity, o the conformational degeneracy (2 for gauche, 1 for
trans), t44 the dipole moment component, jy the line strength, vy the transition
frequency.

The value A(AG®) = 180(50) cm™ has been obtained. The complexation with DME
reverses the conformational equilibrium, and the gauche form of ethyl alcohol, less
stable in the monomer, becomes the global energy minimum in the adduct. This can be
attributed to the secondary interaction between a hydrogen atom of the EA methyl
group with the DME oxygen.

6.3.4 Structural analysis

Trans
normal Gauche normal
a3 2 404'303
03~ =0z
deuterated
‘ deuterated I! ! i
1
) [
77524 Tre15 7ie20 81020 B1176 81181 MHz

Figure 6.2 Left: The 3g3 < 2, transition is shown for the gauche form of the C,HsOH---DME and
C,Hs0D---DME isotopologues; Right: the 4q4 <— 33 transition is shown for the trans species. In both
cases, the Ubbelohde effect shifts the frequencies of the heavier isotopologue, C,Hs0OD---DME, to values
higher than those of the lighter one, C,HsOH---DME.

Usual methods for the determination of the coordinates of the D atom of the
hydroxyl group upon isotopic substitution do not work, of course, for the H — D
substitution of the hydrogen involved in the H bond (atom 10 of Figure 6.3), because
the effect due to the H—D mass change is overwhelmed by the shortening of the O---O
distance. The differences between the experimental and theoretical values of the
rotational constants (some tens of MHz) are however behind the discrepancies

attributable to the different meanings (ro and re, respectively), so that we corrected two
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structural parameters in order to reduce the discrepancies within 1-2 MHz. For both
species the increase of H-bond length and the change one angle defining the orientation
of DME with respect to the EA unit are required. The effective structures are shown in
Table 6.3 for both conformers. The parameters which needed an adjustment in order to
give the experimental rotational constants were indicated in bold. The atom numbering

is given in Figure 6.3.

Table 6.3 MP2/6-311++G(d, p) geometries of the two conformers of EA-DME. In bold, the parameters
which have been adjusted to reproduce the experimental rotational constants

Bond length/A Valence angles/® Dihedral angles/®
Gauche
C201 1.418
C301 1.418 C301C2 1115
H4C3 1.090 H4C301 107.2 H4C301C2 -179.1
H5C3 1.098 H5C301 110.9 H5C301C2 -59.8
H6C3 1.098 H6C301 110.7 H6C301C2 61.6
H7C2 1.090 H7C201 107.2 H7C201C3 179.0
H8C2 1.098 H8C201 110.9 H8C201C3 59.7
HoC2 1.098 H9C201 110.7 H9C201C3 -61.7
01101 2.869% 01101C2 1135 01101C2C3 -136.9
C12010 1.420 C1201001 105.6 C12H1001C2 -112.3
Cl13C11 1.524 C13C11010 112.2 C13C1101001 63.9
H10011 0.969 H10011C12 106.4 H10011C12C13 59.4
H14C12 1.100 H14C12011 110.8 H14C1201101 -64.8
H15C12 1.093 H15C12011 106.1 H15C1201101 178.7
H16C13 1.095 H16C13C12 110.8 H16C13C12011 177.9
H17C13 1.093 H17C13C12 110.1 H17C13C12011 57.5
H18C13 1.094 H18C13C12 110.3 H18C13C12011 -62.3
Trans
C201 1.418
C301 1.418 C301C2 1115
H4C3 1.090 H4C301 107.2 H4C301C2 -179.2
H5C3 1.098 H5C301 110.9 H5C301C2 -59.8
H6C3 1.098 H6C301 110.7 H6C301C2 61.5
H7C2 1.090 H7C201 107.2 H7C201C3 179.2
H8C2 1.098 H8C201 110.7 H8C201C3 -61.5
HoC2 1.098 H9C201 110.9 H8C201C3 59.8
H1001 1.863 H1001C2 116.1 H1001C2H7 43.2
O11H10 0.969 0O11H1001 183.9 0O11H1001C2 -115.1
Cl12011 1.420 C12011H10 107.0 C12011H1001 1.9
Cl13C12 1.517 C13C12010 108.2 C13C12011H10 -179.9
H14C12 1.099 H14C12011 110.7 H14C12011H10 -59.6
H15C12 1.099 H15C12011 110.7 H15C12011H10 59.7
H16C13 1.094 H16C13C12 110.6 H16C13C12011 -180.0
H17C13 1.093 H17C13C12 110.1 H17C13C12011 -59.8
H18C13 1.093 H18C13C12 110.1 H18C13C12011 59.8

® The parameters in bold have been adjusted to reproduce the experimental values of the rotational
constants. Their ab initio values are: a) gauche: 01101=2.828 A, C13C1201101=58.28°; b) trans:
H1001=1.851 °, 011H1001=179.08°.
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EA-gauche EA-trans b

8
el

o

Figure 6.3 Sketch and atom numbering adopted for EA-DME.

6.3.5 Dissociation energy

The dissociation energies (Eg) of the two species of the complex can be calculated
from the experimental values of the spectroscopic constants by using the pseudo-
diatomic model. This model can supply some reliable, however approximate, values
when the stretching motion leading to the dissociation takes place mainly along the a-
axis. The stretching force constant (ks) can be estimated with this approximation as [EQ.
(6.2)]:1

ks = 161" (u R)? [4B*+4C*-(B-C)? (B+C)?]/(h Dy) (6.2)

where u is the pseudo-diatomic reduced mass, D; is the centrifugal distortion
constant and R is the distance between the centers of mass of the monomers. The values
ks= 5.2 and 7.6 Nm™ have been obtained for the gauche and trans species, respectively.
The assumption of a Lennard-Jones-type potential relates the dissociation energy to ks
[Eq. (6.3)]:**

Eg = 1/72 ks R?, (6.3)

from which the values Eg = 6 and 11 kJmol™ have been calculated for the gauche
and trans conformers, respectively. Both Eg values appear too low for an O-H---O H-
bond, for which values in the range 20-25 kdmol™ are expected. However, we can note
that for the trans species, with the dissociation motion taking place almost along the a-
axis, the obtained value is more in line with the bonding energies of this kind of H-
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bond. Probably, it is the coupling of the stretching motion leading to the dissociation
with the bending or internal rotation motions of one molecule with respect to the second
one in the case of the gauche species, which make the pseudo-diatomic approximation
inadequate.

6.4 Conclusions

The rotational spectrum observed for EA-DME describes two complexes with the
two units held together by an O-H---O H bond and which differ in the gauche or trans
configuration of EA. The complexation of EA with DME produces a conformational
switch, in the sense that the gauche form, less stable in isolated EA, becomes the
absolute energy minimum in the complex. The gauche form, with a tunneling frequency
of 97 GHz between the two equivalent minima in the monomer, becomes a chiral
species in complex, in the sense that it does not display any tunneling splitting in the
MW timescale. This is related to the higher inertial properties of the tunneling motion,
once that the heavy DME group is attached to the hydroxyl hydrogen. Finally, the
decrease of the measure of the O---O distance upon H — D substitution known as
Ubbelohde effect was quantitatively determined.
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Chapter 7 On the weak H---halogen hydrogen bond. A
rotational study of CH;CHCIF---H,O complex

7.1 Introduction

Intra or intermolecular linkages or contacts such as C-H---O, C-H---F, CH---S, C-
H---m are generally classified as weak hydrogen bonds (WHB) and represent a major
topic in hydrogen-bond research.™ While “classical” hydrogen bonds like O-H---O, O-
H---N, O-H---S, and N-H---O are characterized (for neutral species) by interactions
energies in the range 15-25 kJmol™, the WHB interactions lie within a few kdmol™ and
approach those of van der Waals forces. However, they have the same directional
properties and electron density transfer similar to those of “classical” hydrogen bonds.?
A recent IUPAC meeting promotes a redefinition of “hydrogen bonding",m and it has
been even suggested to consider these interactions as only being contacts, reflecting the
fact that hydrogen atoms are generally in the external part of a molecular system.

Studies on such WHB have been mainly performed by X-ray diffraction* and IR
spectroscopy in rare gas solutions.® Also rotational spectroscopy combined with
supersonic expansions has been recently applied in order to study structural and
energetic features of these weak interactions. The gas-phase investigations are free from
solvent or crystal effects and can give more details on specific or local WHB
interactions. C-H---F,/"" c-H---0,® CH---S,®' C-H---z,'% and C-H---NM! linkages

have been recently structurally and energetically characterized with this technique.

In this chapter, rotational studies of one kind of WHB, the O-H---Hal interaction
(Hal = halogen) are presented. With reference to MW investigations, if we take into
account a series of 1,3 substituted propanes, one can see that the rotational spectrum of
1,3 propandiol is formed by the signatures of five conformers, all of them stabilized by
O-H---O H-bonds,*? while in 3-fluoro-propane-1-ol, two conformers do not have any
internal H-bond, and just one, the second in order of stability, is characterized by an

93



Weak Hhalogen hydrogen bond

internal O-H---F H-bond.[**! In the case of 3-chloro-propane-1-ol, two conformers have
been observed, both without an internal H-bond.*! All these data suggest O-H---Hal
(Hal = F, CI) to be a weak interaction. This is confirmed by the investigations of
adducts of water with freons. While in CH,F,-H,0 the two constituent molecules are
held together by a weak (bonding energy, Eg = 7.5 kJmol™) O-H---F bond,™ in CF,-
H.,O a halogen bond F---O is observed.!*®!

Naturally the interesting question arises: which of the O-H---Hal WHB is stronger?
For example, what are the key interactions that make the O-H---CI linkage stronger or
weaker than the O-H---F one? A few years ago, following the MW study of the
chlorofluoromethane (CFM)-water complex, where only the form with an O-H---Cl
interaction was observed (Eg = 8.5 kimol™), the O-H---Cl was suggested to be
stronger.!*”]

1-chloro-1-fluoroethane (Freon 151, from now CFE), has a structure similar as
chlorofluoromethane, but with a hydrogen atom substituted by methyl group. The
microwave spectrum of CFE has been first studied by Thomas et al.l*® with a
conventional Stark modulation spectroscopy and by Hinze et al.l*® with Fourier
transform microwave spectroscopy, but the complex of CFE with water is not
reported. The information of intermolecular interaction between CFE and water will
be helpful in understanding the behavior of CFE in atmosphere. Moreover,

experimental results can prove which kind of interaction is preferred in the complex.

7.2 Experimental section

Commercial samples of CFE and deuterated water (98% enriched) were obtained
from Aldrich and were used without feature chemical treatment. Oxygen 18 water (98%
enriched,) was obtained from CIL and used without further purification.

For searching for the rotational transitions of the complex of CFE/water, a gas
mixture of 2% CFE in Helium at a total pressure of 3 bar was streamed over water at
room temperature, and expanded through the solenoid valve (General Valve, Series 9,
nozzle diameter 0.5 mm) into the Fabry-Pérot-type cavity.
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Each rotational transition displays an enhanced Doppler splitting that originates
from the supersonic jet expanding coaxially along the resonator axes. The rest
frequency was calculated as the arithmetic mean of the frequencies of the two Doppler
components. The estimated accuracy of the frequency measurements is better than 3
kHz, resolution is better than 7 kHz.

7.3 Results and discussion

7.3.1 Theoretical calculations

Before collecting the rotational spectra, full geometry optimization of the
complexes were performed at the MP2/6-311++G(d, p) level theory with Gaussian 03
program.?

Three stable conformers were found. Their shapes are shown in Figure 7.1, in
order of stability. Their relative energies (AE), rotational and quadrupole coupling
constants, and dipole moment components are reported in Table 7.1. Conformer | and
conformer 11l display an O-H---F interaction, whereas conformer Il displays an O-
H---Cl interaction. The three forms of the complex are almost isoenergetic, their
energies being within 160 cm™.

4 ‘00 P 9o
Jﬂ/“ﬁ» ja'
LTS

Figure 7.1 The three most plausible structures of the complex of water with CFE.

A counterpoise correction™ to the MP2/6-311++G(d, p) calculated energies
(Essse) was performed in order to remove the well known basis set superposition error

(BSSE). The results shown the global minimum remains the same and the relative
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energies of other conformers are in the same sequence but with the energy gaps slightly
increasing.

Table 7.1 MP2/6-311++G(d, p) spectroscopic parameters of the plausible conformers of CFE-H,O

A/MHz 6541.6 3866.1 4131.3
B/MHz 1650.8 2230.3 1993.9
C/MHz 1503.1 1734.0 1802.9
Zaal MHZ -61.9 28.0 11.6

(fob-Zec) MHz -3.2 -85.9 -71.5

|14l/D 2.0 3.2 0.8
|14//D 0.2 0.5 0.6
|146)/D 0.3 0.2 0.2
AE/cm™ 0° 58 156
AEgssg/lem™ 0° 123 188

2 Absolute energy: -284.981011 E,. ® Counterpoise corrected energy, absolute value is -713.990157
En.

7.3.2 Rotational spectra

According to the ab initio results, the first search for rotational transitions was
focused on the u,-type transitions of conformers | and Il. The first observed lines were
assigned to J = 3 «— 2 band, K; = 0, 1 transitions of conformer I, based on the
considerably different expected quadrupole hyperfine structures between the two
conformers. Only the rotational spectrum of conformer | was found and assigned. Each
line was split into several components due to the nuclear quadrupole coupling of **Cl
nucleus and appeared as a doublet because of the Doppler effect.

None of the observed transitions was split for internal rotation effects of the water

moiety, suggesting that water should be quite *“rigid” within the complex. Figure 7.2
shows the quadrupole hyperfine structure of the 33 < 2, transition.
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The measured lines were used to determine the spectroscopic constants collected in
Table 7.2. The fits were performed using Pickett’s SPFIT program,? according to the
Hamiltonian:

H= HR+HCD+HQ (71)

where Hg represents the rigid rotational part of the Hamiltonian, Hcp represents the
centrifugal distortion contributions and is analyzed using the S reduction in the I'
representation, ! and Hq represents the interaction of **CI (or ¥'CI) nucleus quadrupole
moment with the overall rotation.*"

F'—F"=5+4

-

F'eF"=413

r r _
J kake < Ka"Ke' — 303(_202

F'eF"=3¢2

| Fl'e—F"=2«1
n

i
7/

' ' ‘ o =MHZ
9207.0 9208.0 9209.0  9209.5

Figure 7.2 Recorded 3g3 < 2, transition of the observed conformer of CFE-H,0 showing the **ClI

hyperfine structure. Each line displays the Doppler doubling.

After the assignment of the spectrum of the normal species, the structure was
adjusted successively to reflect the experimental rotational constants. Then the spectra
of the *Cl, HOD, DOH, DOD and H.'®0 isotopologues were searched and assigned.
These spectra were fitted with the same procedure described above for the normal one.
The intensities of the rotational transitions of the CFE---DOH species were about 50%

stronger than those of the CFE:---HOD isotopologue, most likely because of zero-
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vibrational energy contributions. The derived spectroscopic parameters are collected in

the second and third data columns in Table 7.2 for the *'Cl and H,*®0, and in Table 7.3

for the deuterated species.

Table 7.2 Spectroscopic constants of three isotopomers of CFE-W (S-reduction, I" representation).

Parent ¥'CI(CFE-H,0) CFE-H,"0
A/MHz 6515.5 (1) 6496.6 (5) 6477.8(1)
B/MHz 1609.0827 (3) 1575.4871(2) 1521.1690(2)
C/MHz 1465.4267 (3) 1437.5705(2) 1393.4850(2)
Yl MHZ -63.467 (8) -50.19 (1) -94.71(3)
(ob-xce)/MHz -4.054 (9) -3.12 (9) -1.03(1)
Ya/ MHz -23.1(3) -21.6 (5) -22.8(6)
Dy/kHZz" 1.954 (3) 1.843 (8) -1.827(3)
Dy/kHz 16.91 (5) 17.55 (5) 16.9 (0)
di/Hz 5 (3) [5]° [5]°
d,/Hz 22 (2) [22]° [22]°
N 54 41 29
o */kHz 2.6 4.4 2.0

2Errors in parenthesis are expressed in units of the last digit. ® The omitted quartic centrifugal
distortion constant, D, is undetermined from the fit and has been fixed to zero. ® Values in brackets
have been fixed to the values of the “normal” (i.e. most abundant) species. ¢ Number of fitted lines. ®

Standard deviation of the fit.

Table 7.3 Spectroscopic constants of three H,O deuterated species of CFE-W (S-reduction, I'

representation).

CFE-DOH CFE-HOD CFE-DOD
A/MHz 6500.4(1) 6483.1(5) 6460.7(3)
B/MHz 1576.9202(2) 1538.1134(3) 1509.3648(3)
C/MHz 1435.0612(2) 1406.6168(3) 1379.3846(3)
a2l MHZ -63.26(2) -63.060(4) -63.08(2)
Gron-xec)/MHz -3.97(1) -3.78(1) -4.13(1)
xa/MHz -28.4(5) -27.0(6) -24.3(5)
Dy/kHZ" 1.856(3) 1.867(4) 1.655(4)
Dy/kHz 16.5(1) 18.4(2) 15.7(2)

NE 37 26 28

o"kHz 6.3 7.0 46

2Errors in parenthesis are expressed in units of the last digit. ° The omitted quartic centrifugal
distortion constants, D, d;, d, are undetermined from the fit and have been fixed to zero.  Number

of fitted lines. ¢ Standard deviation of the fit.
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7.3.3 Conformation and structure

a

Figure 7.3 Some structural parameters used through the text are indicated in the sketch of the observed

conformer of CFE-W.

Table 7.4 r, coordinates of the isotopically substituted atoms of CFE/H,0.

lal/A b l/A lcl/A
exptl. calc. exptl calc. exptl calc.
Cl 1.832(9)* 1.823 0.235(3) 0.233 0.251(7) 0.270
Hw Hbond 2.604(6) 2.604 0.748(2) 0.759 0.610(2) 0.199
Huw Free 3.781(4) 3.814 0.408(3) 0.520 0.495(3) 0.679
o 3.003(5) 2.945 0.168(8) 0.168 0.466(3) 0.478

# Uncertainties (in parentheses) are expressed in units of the last digit.

Table 7.5 Partial ry geometry of CFE-W.

Fitted parameters: Derived parameters:
r(O---F)/A 2.910(4) rA 2.140
a(0---F-C)/° 87.4(1) al° 98.7
d(O---F-C-Cl)/° 156.6(9) BI° 136.2
a(H-0---F)/° 30.6(1) r(0---H'C)/A 2.753
d(H-O---F-C)/° -211.7(6) r(O---H?C)/A 2.842
d(H-O-H"---F)/° -149.3(4) Rem/A 3.756

& Uncertainties (in parentheses) are expressed in units of the last digit. Here, the distance Rey is the

separation between the centers of mass of the two constituent molecules (3.756 A).
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The values of rotational and CI quadrupole coupling constants are in very good
agreement with those calculated for form I, so that the conformational assignment is

straightforward.

In addition, the rs substitution coordinates®® of the isotopically substituted atoms,
Cl, O, and H atoms of water, reported in Table 7.4, are in good accord with the ab initio
values. The only remarkable discrepancy is the |c| coordinate of the water hydrogen
involved in the hydrogen bond, a quite frequent effect, related to the shrinkage of the H-

bond upon H—D isotopic substitution.

A partial ry structure was calculated from the six sets of experimental rotational
constants, with the geometry of water!®® and CFE" fixed to the structure of the
isolated molecules. ry values of r(O---F), £(0O---F-C), £(O---F-C-Cl), £(H-O---F),
Z(H-0---F-C) and £(H-O-H'---F) are calculated and reported in Table 7.5. The
alternative H-bond parameters r, o, 8, r(O---H) and r(O---H?) and Rcw given with
Figure 7.3, have been derived from the fitted parameters and reported in the right part
of Table 7.5.

7.3.4 Dissociation Energy

The three translational motions and the three rotational degree of freedom of the
isolated water molecule are replaced by six low-energy vibrations upon formation of the
complex. One of them can be thought, in a first approximation, as the stretching
between the two centers of mass of the two forming molecules. When this stretching
motion takes place along the inertial a-axis of the complex, it is possible to roughly
evaluate the dissociation energy with the approximate pseudiatomic molecule model.
Within this approximation, the stretching force constant (kg) can be estimated by
considering the complex as made of two rigid parts, and using the following equation®®

ks = 167" (1 Rem)® [4B*+4C*-(B-C)* (B+C)?)/(h D)) (7.2)

where u is the pseudo-diatomic reduced mass, D; is the centrifugal distortion

constant and Rcy is the distance between the centers of mass of the monomers. The
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value ks = 4.60 Nm™ was obtained, which corresponds to a harmonic stretching
frequency of 73 cm™.

By assuming a Lennard-Jones-type potential the dissociation energy has been

estimated by applying the approximate formula:*

Es = 1/72k; Rew? (7.3)

from which the value Eg = 5.4 kmol™ was obtained.

This value is similar to the dissociation energies determined for the related
molecular complexes with a O-H---Hal linkage, difluoromethane-water'*® and

chlorofluoromethane-water."*"! Their values are reported in Table 7.6.

All these dissociation energy values are smaller than typical Eg values underlying
classical (O-H---O, O-H---N, O-H---S, and N-H---O) hydrogen bonds.

Table 7.6 Dissociation energies (Eg) for some molecular complexes with water linked to the partner

molecule through a O-H---Hal WHB.

Complex O-H---Hal Eg/kimol?  Ref.
CH,F,-W O-H.--F 75 15
CH,CIF-W O-H---Cl 8.5 17
CH;CHCIF-W O-H---F 5.4 this work

7.4 Conclusions

The absolute minimum conformation and structure of the 1 : 1 adduct of CFE and
water was established by investigating the rotational spectra of several isotopic species.
A few years ago, according to the MW spectrum of CH,CIF-H,0, it was stated that the
O-HClI hydrogen bond is stronger than the O-HF one. Now, the MW spectrum of
CFE-W seems to indicate the contrary. The two interactions have very similar energies
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and it is the contribution of other effects, such as the stabilizing presence of secondary
C—HO contacts and/or even small local dipole-dipole interactions, which steer and
self-align the moieties into their preferred absolute configuration.

The dissociation energy of CFE-H,0 has been estimated to be 5.4 kimol™, a value
similar to that of other complexes with an O-HHal linkage. This value suggests
classification of this kind of interaction as a WHB. In CH,F,~H,0 and in CH,CIF-H,0
the water unit was undergoing a feasible internal rotation around its symmetry axis,
reflected by two tunneling component lines for each rotational transition. Rather
unexpectedly, such a tunneling effect was not observed in CFE-H,0: so water appears
to be more weakly bound to the partner molecule, but its internal rotation is more
hindered than in the two other cases. Probably, the secondary H-bonds between O and
H'C and HC (see Figure 7.3) with O“H'C and O-“H?C distances of only ~2.7-2.8 A
(see Table 7.5) render the internal rotation of water more hindered than in other cases.

Despite the ab initio calculations suggesting two additional configurations of
similar stability with energies only slightly higher than that of the observed one, their
rotational lines could not be observed. This is rationalized by the fact that the different
conformers are separated by only low interconversion barriers that allow for efficient
relaxation into the global minimum. It has been shown, indeed, that for barriers smaller
than 2KT (ca. 420 cm™ in our case), such a relaxation takes place.B” In addition, it is
likely that the two molecular subunits experience repeated formation and dissociation in
the jet expansion.®Y Also this would lead to a strong preference for the most stable
conformer in a jet expansion.

In this complex, two different halogens are involved with different diameters (and
thus also size of the free electron pair) and different polarizabilities. Then the geometry
of the organic frame sets constrains on the kind of directivity (which is supposed to be
the characteristically feature of an H-bond compared to vdW or other mainly
electrostatically driven interactions) that can be obtained if two interactions are present.

Finally, the spectroscopic findings in a situation that takes place at such a small
energy scale represent evidence much stronger than quantum-chemical predictions at
every available level.
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Chapter 8 On the halogen bond. A rotational study of
CF3Cl---H,0 and CF;ClI---NH3; complex

8.1 Introduction

Halogen bond (HaB) is one kind of non-covalent interaction that in some cases it
has been found to be competitive or preferred to hydrogen bond (HB). Overviews on
HaB are available,™ as well parallelisms with HB.! Its importance in supermolecular
chemistry and in crystal engineering has been outlined in several papers.®! Most of the
investigations dedicated to HaB come from X-rays diffraction and are relative to the
solid state.!!

Studies of small isolated complexes formed by two subunits held together by HaB
interactions can give information on this interaction, neat of solvent effects or solid state
linkages. Some studies in this sense have been performed by vibrational spectroscopy
on HaB bonded complexes in cryo solutions by van der Veken and collaborators.™

Accurate details on the nature of the HaB in the gas phase can be obtained by
rotational spectroscopy of molecular complexes, as shown in some review or
perspective articles by Legon.’® ' There, FTMW spectroscopy studies of a series of
B---XY complexes, where B is the electron donor and XY is the dihalogen molecule,
are reviewed, to reveal some properties of the HaB interaction. For example,
information on radial and angular geometry, on the intermolecular stretching forces and
on the extent of charge redistribution upon formation of the HaB has been reported.
These studies also proved that HaB is more linear than hydrogen bond, with B---X-Y

angles close to 180°.

Freons seem to be ideal molecules for studying either weak hydrogen bonding
interaction or halogen bonding interactions. Interesting results have been obtained by

rotational spectroscopy in supersonic expansions of some Freon-water complexes.
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Weak F---H-O hydrogen bonds have been found to play the main role in the formation
of the CH,F»>-water’® and CH;CHFCIl-water™ complexes, while a CI---H-O linkage is
preferred in the CH,FCl-water system.!® Vice versa, in CF,-water complex, it is a HaB

interaction which plays a crucial role in forming the complex (F---0).

An intriguing question is how a water molecule will interact with multihalogenated

molecules, containing different halogen atoms, such as CF3Cl (Freon-13).

In the CF;CI-H,O complex, several configurations are possible and it appears
difficult to state which one is the global minimum, that is, which one is the predominant
interaction. Will the leading interaction in the complex be a hydrogen bond? And, in
such a case, which halogen atom, chlorine or fluorine, will be involved in the H bond?
Or, if a HaB is preferred, will it be an O---F or an O---Cl bond? The investigation of the
high-resolution rotational spectrum of the CF3;CI-H,O complex should answer these

questions.

Ammonia, similarly to water, can in principle act as a proton donor or a halogen
acceptor when forming complexes with CF3Cl. A theoretical study on the halogen
bonds involved in adducts of ammonia with halofluoromethanes estimates the energy of
this kind of interaction to be similar to that of a strong hydrogen bond, increasing from
X = Cl, Br, to X = 1.1 The complexes of trimethylamine with CF3X, all of them with a
C-X---N HaB, have been investigated by FTIR spectroscopy in cryogenic solutions.?

These C-X:--N HaB appear similar to the C-X:--O HaB.

No information on halogen bonds between freons and ammonia has been obtained,
however, with high resolution rotational spectroscopy. For this reason, the rotational
spectrum of the complex CF3CI-NH3 was also investigated. The aim is to give an
answer to the following questions: which kind of interaction, a halogen bond interaction
or a hydrogen bond interaction, is preferred? And, if a HaB is formed, will itbe a F---N

oraCl---N one?
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8.2 Experimental section

A commercial sample of chlorotrifluoromethane, NH;, and ND3 were purchased
from Aldrich and used without further purification. While *NH; (98% enriched) was
purchased from ISOTEC. D,O and H,™®0 water were used to measure the spectra of the
deuterated and 0 isotopologues.

For observing the rotational spectra of chlorotrifluoromethane/water, a gas mixture
of ~1% chlorotrifluoromethane in Helium at a total pressure about 3 bar was flown over
the water and expanded through in room temperature the solenoid valve (General Valve,

Series 9, nozzle diameter 0.5 mm) into the Fabry-Pérot cavity.

For observing the rotational spectra of chlorotrifluoromethane/ammonia, a gas
mixture of 2% CF3;Cl and ammonia in Helium at a total pressure of 3 bar was expanded
through the solenoid valve (General Valve, Series 9, nozzle diameter 0.5 mm) into the
Fabry-Pérot cavity.

Each rotational transition displays an enhanced Doppler splitting that originates
from the supersonic jet expanding coaxially along the resonator axes. The rest
frequency was calculated as the arithmetic mean of the frequencies of the two Doppler
components. The estimated accuracy of the frequency measurements is better than 3
kHz, resolution is better than 7 kHz.

8.3 Chlorotrifluoromethane/water

8.3.1 Theoretical calculations

MP2/6-311++G(d, p) geometry optimization calculations were performed by using
Gaussian 03 suite of programs [** before collecting the rotational spectra. The complex
can be formed via either halogen bond interaction or HaB interaction. Three stable
conformations have been obtained. The most stable conformer, as labeled as I in Table

8.1 was formed via a Cl O interaction. Conformer Il and Il were formed via F~O
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interaction and F"H-O interaction, respectively. Theoretical rotational constants, dipole
moments, quadroploe coupling constants and the dissociation energy of the three

conformers are collected in Table 8.1.

The frequency calculations were conducted to obtain the zero point corrected
energy, which also confirmed the three conformers were the real minimums.
Counterpoise correctionst* were used to remove the well known basis set superposition
error (BSSE).

Table 8.1 Ab initio (MP2/6-311++G(d, p)) values of spectroscopic constants of the three more stable

conformers of the CF;CI-H,O complex.

Parameter | I 1
Contact oCl O"F O-H"F
AIMHz 5638.6 5624.5 3499.9
B/MHz 1105.1 1436.8 1216.0
C/MHz 1102.6 1431.7 1071.6

1ta/D 3.34 -1.77 -0.86
/D 0.03 0.04 -1.42
14e/D 0.00 -0.01 0.03

Y2 MHZ® -74.5 -72.3 20.4

2o/ MHZ 375 36.2 -57.6
Eo/cm’® o° 261 469

Do/kJmol™® 11.1 7.9 5.4

Dcp/kJmol™ 6.5 0.7 1.7

e & 3

SR Y

J

# ug and yqq (9=a,b,c) are the dipole-moment components and the %5Cl quadrupole coupling constants,
respectively, y.. is the completion to 0 of y., and yu,. ° Eo is the ZPE corrected relative energy of each
conformer. The absolute value of the MP2 energies is -872.960975 E;,. ¢ D, and D¢p are the dissociation

energies without and with counterpoise corrections, respectively.
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8.3.2 Rotational spectra

According to the indication of ab initio calculations, the first searched was targeted
for us-type transitions of conformer 1, Il and Ill. Rather surprisingly, only a symmetric
rotor spectrum could be identified, when all the predicted structures suggested
asymmetric rotors. Some questions arise. Has the potential-energy surface be explored
correctly and had any structure be missed? Was the theory wrong and was there a
conformer, predicted to be an asymmetric rotor, which was effectively a symmetric
rotor?

Indeed, it was found that compact sets of transitions evenly spaced by a quantity
that is very close to the theoretical (B + C) value (B and C are rotational constants) of
the conformer predicted to be most stable. Following this conformational assignment,
the rotational spectra of the isotopologues CF5*'Cl-H,0, CF:*Cl-H,**0, CF;*Cl-
OHD, and CFs*CI-D,0 were easily predicted and assigned.

Although the rotational spectra have been observed readily, the data-fitting
procedure was complicated mainly because of the overlap of various K-component lines
(K is the quantum number of the projection of the rotational angular momentum along
the axis of symmetry of the complex) of the corresponding hyperfine **Cl (or *'Cl)
quadrupole coupling structures. However, it was possible to obtain good fit functions by
using Pickett’s SPFIT program,[15] according to the Hamiltonian:

H= HR+HCD+HQ (81)

where Hg represents the rigid rotational part of the Hamiltonian, Hcp represents the
centrifugal distortion contributions and Hq represents the interaction of **Cl (or *'Cl)
nucleus quadrupole moment with the overall rotation.™® As a consequence of the
symmetric-top characteristic of the spectra, only one quadrupole coupling constants, yaa,
was determined.

For the CF5*°CIl-H,0 and CF5*’Cl-H,0 complexes, transitions originating from m

=+ 1 and K = 0 were measured and fitted. The K=1 transitions were observed but were
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not fitted because, similar to other cases, the data are affected by the odd powers of the

angular momenta. [t 17 18]

The relaxation process upon supersonic expansions of the metastable (m = +1)
state to the ground (m = 0) state is outlined® to be nuclear-spin-forbidden for the
“symmetric” species CFsCl-H,0, CFsCl-D,0, and CFsCl-H,™0. However, the
spectrum of m = +1 were measured for the most abundant species. The experimental
spectroscopic constants are reported in Table 8.2 for all isotopologues. A part of the
spectrum corresponding to the J: 4 «— 3 transition of the CF3**Cl-H,O main isotopic

species is shown in Figure 8.1.

Table 8.2 Experimental spectroscopic constants of the observed conformers of CF;CI-H,O

m=0 CF5*CI-H,0 CF5*'CI-H,0 CF5CI-D,0 CFsCI-HOD  CF5ClI-H,*®0
B/MHz 1094.0577 (3)*  1091.5176(3)  1014.4074(1)  1052.3865(6) 1031.5384(7)
%IMHz -78.42(7) -61.82(6) -78.35(1) -78.40(6) -78.46(7)
D,/kHz 0.653 (5) 0.636(4) 0.578(2) 0.62(1) 0.55(2)
Dk/kHz 10.33(5) 10.11 9.921(8) 10.45(5) 103.7(2)
o’lkHz 2 5 1 1 7

N° 36 35 39 24 25

m=x+1

B/MHz 1093.6729(5) 1091.1357(8)

Y/MHz -78.39(1) -61.87(8)

D,/kHz 0.450(1) 0.44(1)

ofkHz 1 1

N 16 10

2 Error in parentheses in units of the last digit. ® Root-mean —square deviation of the fit.  Number of lines

in the fit.

110



Chapter 8

. 1,5
J- 4K,F+1+3 =
0,5 m=1
m
0,4
Lo |
0,3
2,4 '
a4 7 13

l‘u i ““IJIU.MH muu“lhllmjd kd sz

8749.86 8752.33

Figure8.1 Portion of the rotational spectra of the CF;Cl---H,0 which shows symmetric-top behavior and

Cl hyperfine interaction of both m = 1 and m = +1 states. Each line displays the Doppler doubling.

8.3.3 Molecular structure

CF3CI-H,O is an interesting quantum mechanical system. A symmetric-top
molecule (CF3Cl) is bound to an asymmetric planar-top molecule (H,O) and therefore,
the combined system should be an asymmetric top. However, the large-amplitude
motions of water render the complex an effective symmetric top. This symmetric-top
appearance of the rotational spectra of molecules that are predicted to be asymmetric-
top complexes has been previously observed in CF4---H,0O ™ and in benzene—water

[20, 21]

complexes. In the structural analysis, the complex was described in the

vibrationally averaged structure using at least the four coordinates shown in Figure 8.2.

Figure 8.2 Molecular system with the coordinate used to discuss the structure and dynamics
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Figure 8.3 Ab initio potential-energy surface profiles along ¥, @, and 6 angles which are defined in

figure 8.2.

There, Rem is the distance between the two centers of mass of the two subunits. The
two angles, ¥ and 6, measure the bending amplitudes of the two constituent molecules.
The angle @ describes the rotation of the two subunits with respect to each other. To
estimate the potential curve for every structural parameter, an ab initio grid was
calculated in steps of 28 over the full range of angles (and in steps of 18 close to the
minima). While the dihedral angles were keeping fixed at every step, the rest of

geometric parameters were reoptimized for each point along the path. The results are

plotted in Figure 8.3.

Table 8.3 Relevant structural parameters of experimental and calculated substitution coordinates of the

CF3ClI---H,0 complex.

Cl o] H
A obs +0.740(2) +3.768(3) +4.280(8)
al
calc +0.757 +3.738 +4.273

The obtained barriers can support some assertions: 1) the relative bending motion
of CFsCl is at a single minimum, with the corresponding coordinate & confined close to
0, that is, the C-Cl---O atoms are in a linear arrangement; 2) the bending of the water
molecule with respect to CFsCl has two equivalent minima, ¥, = £27° pointing to an
asymmetric rotor with an interconversion barrier of about 14 cm™. This potential is
similar to that reported for other systems;?* 2?1 3) the Vg potential (described by the @

angle) is very flat, around 1 cm™. Such a flat potential-energy function and the
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relatively light mass of the hydrogen atoms indicate that the water molecule is
completely elocalized with respect to the Cs-symmetric axis, allowing a free rotation.
This is the key factor which makes the system an effectively symmetric top, with the
water molecule rotating around CF3Cl. Correspondingly, only the rotational constant B
can be determined (for all isotopologues) from the MW spectrum. According to a rather
approximate model, we can assume the symmetry axes of CF;Cl and water to lie along
the a-axis and their structure to not be altered upon formation of the complex, and then
calculate the substitution coordinate of each substituted atom.!”®! The parameter r (the
distance between the Cl and O atoms) was estimated to be 3.028(3)A versus 2.982A
obtained by ab initio calculation. Moreover, because of the nearly free rotation of the
subunits, one could assume that the C,, symmetry of water is not perturbed upon full
deuteration. The Chutjian method for multiple isotopic substitutions!®*! provides the
coordinate of the hydrogen atoms |a] = 4.280(5) A, close to the calculated parameters
(+4.273 A). All rs structural parameters are reported in Table 8.3.

8.3.4 Dissociation energy

The stretching force constant (ks) is estimated from the distortion constants (D;)
because the halogen-bond-stretching motion lies almost parallel to the a-axis. For

submolecules with large moments of inertia, Eq. (8.2) is used,?
ks = 128n* (1 Rem)® Bo*/(h D) (8.2)

where x4, Rem and D; are the diatomic reduced mass, the distance between the
centers of mass and the first-order centrifugal distortion constants. A ks value of 4.96
Nm™, which corresponding to a stretching frequency of 74 cm™ was obtained. By
assuming a Lennard-Jones potential function and using the approximated equation:**!

Ep = 1/72 ks Rem” (8.3)

The dissociation energy (Ep) was found to be 7.7 kimol™. This value is in quite
good agreement with the calculated value, once basis set superposition error (BSSE)
corrections (see Table 8.1) are included. Moreover, this value is similar to the
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dissociation energies determined for the related molecular complexes between CFCs
and water, as shown in Table 8.4.

Table 8.4 Dissociation energies (Ep) for some molecular complexes with CFCs and water.

Complex Interaction Ep/kimol™  Ref.
CH,F-W O-H---F 7.5 [8]
CH,CIF-W  O-H---Cl 85 [10]
CH;CCIF-W  O-H:---F 5.4 [9]
CF,-W Anti-H 5.0 [11]
CF;CI-W Hal bond 7.7 This work

All of the complexes are weakly bound with interactions corresponding to
dissociation energy values smaller than the Ep values characteristic of classical (O-
H---O, O-H---N, O-H---S, and N-H---O) hydrogen bonds. However in the last two cases
much remains to be learnt about the role of water.

During the formation of a HaB, CF3Cl is an electron acceptor. The strength of the
O---F interaction is intermediate with respect to the O---Cl and O-H---F interactions.

8.3.5 Conclusions

The electron-withdrawing group -CF3; modifies the electrostatic potential and a
positively charged region, centered in the direction of the C-CI bond, is created. The so-
called “o hole” ?"! interacts favorably with the electron-rich part of a molecule, that is,
the halogen bond. The ¢ hole is due to the special symmetry of CF;Cl whereas it is
inhibited by the T4 symmetry of CF,4. Therefore, in the CF,~H,O complex dipole-dipole
interactions are dominant.

8.4 Chlorotrifluoromethane/ammonia

8.4.1 Theoretical calculations
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Depending on the kind of intermolecular interactions, the complex can adopt
several configurations. In order to obtain information on their geometries and relative
energies, before collecting the rotational spectra, MP2/6-311++G(d, p) theoretical
calculations were performed by using Gaussian 03 suite of programs,*® including
geometry optimization. Four stable conformers were found, which relative energies,
rotational constants, dipole moment components and quadrupole coupling constants are
reported in Table 8.5. The shapes of the four conformers are shown at the bottom of
Table 8.5. Conformer I, the global minimum, displays a C-Cl---N HaB. Conformer II,
the second in order of stability, displays a tridentate CF3---N HaB, while species 1V is
characterized by a single CF---N HaB. Only the third stable conformer (111) exhibits a
CF---HN weak hydrogen bond. The obtained geometry of the most stable conformer is
given in a subsequent section, while the geometries of conformers I1-1V are collected in
Table 8.6.

Table 8.5 MP2/6-311++G(d, p) spectroscopic parameters of the CF3ClI---NH;3; complex.

| I n \V]
AE/cm™ 0 489 737 897
AE/cm’® o° 372 597 742
AIMHz 5544.0 5529.2 3440.1 3558.3
B/MHz 1102.1 1367.9 1180.6 1179.3
CIMHz 1102.1 1367.9 1044.4 1054.2
aa(CI)/MHz -74.9 723 23.3 10.9
(rop-2e0) (C1)/MHz 0.0 0.0 -97.2 -83.6
aa(N)/MHz 4.1 -4.2 1.9 -4.2
Cron-zec) (N)/MHzZ 0.0 0.0 -6.05 0.0
| ua| /D 3.0 1.4 0.0 1.6
| 1y | 1D 0.0 0.0 1.0 0.7
| uc| /D 0.0 0.0 0.1 0.0
-2 i % 2 4

e N ’
4 -
[ i %, e P-o

@ Absolute energy is -853.102276 E,. ® Relative zero point energy; absolute energy is -853.050897 Ej,.
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8.4.2 Rotational spectra

Table8.6 MP2/6-311++G(d, p) optimized geometries for the conformer I1-1V.

Conformer 11

Bond length/A

Valence angle/°

Dihedral angle/®

Cl2C1 1.758

F3C1 1.326 F3C1CI2 109.8

F4AC1 1.326 FAC1F3 109.1 F4C1F3CI2 120.4
F5C1 1.326 F5C1F4 109.1 F5C1F4F3 -119.1
N6F3 3.231 N6F3C1 87.1 N6F3C1CI2 -180.0
H7NG6 1.014 H7N6F3 99.7 H7N6F3C1 1255
H8NG6 1.014 H8N6F3 99.7 H8NG6F3C1 -125.5
HING 1.014 HING6F3 134.8 HINGF3C1 0.0
Conformer 111

Bond length/A Valence angle/® Dihedral angle/°

Cl2C1 1.743

F3C1 1.330 F3C1CI2 110.7

F4C1 1.330 F4C1CI2 110.7 FAC1CI2F3 120.0
F5C1 1.333 F5C1F4 108.2 F5C1F4CI2 -121.2
N6F5 3.356 N6F5C1 167.5 N6F5C1F3 -144.3
H7N6 1.013 H7N6F5 20.3 H7N6F5C1 -170.2
H8N6 1.013 H8NG6F5 114.6 H8N6F5C1 -97.4
HING6 1.013 HING6F5 119.5 HING6F5C1 133.0
Conformer IV

Bond length/A Valence angle/° Dihedral angle/°

Cl2C1 1.750

F3C1 1.332 F3C1CI2 110.2

F4AC1 1.332 FAC1F3 108.2 FAC1F3F2 -120.5
F5C1 1.332 F5C1F3 108.8 F5C1F3F2 -118.0
N6F5 3.198 N6F5C1 179.6 N6F5C1F2 0.0
H7NG6 1.014 H7N6F5 114.2 H7N6F5C1 -61.6
H8NG6 1.014 H8NG6F5 107.7 H8NG6F5C1 -180.0
HIONG 1.014 HING6F5 114.2 HINGF5C1 61.6

According to the indications of the ab initio calculations, the first search on the u,-
type transitions of conformer | was performed, which appears considerably more stable

than the remaining ones. In addition, to simplify the spectrum, the spectra of the **N
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enriched isotopologues were investigated first. This species have simpler spectra, with
respect to those of the “N isotopologues, because, according to the nuclear spin
quantum numbers [I(*°N)=1/2, 1(**N)=1], is free from quadrupole hyperfine structures.
The observed spectrum is typical of a symmetric top, with bands evenly separated by
2B. The first assignments were relative to the K = 0, +1 transitions of the J = 4 <3
band. Each transition was split into several component lines, due to the nuclear
quadrupole coupling of the CI (**Cl or *'CI) nucleus. In addition, a further doubling of
the signals was originated by the Doppler effect (see the Experimental Section).

One can guess looking to the shape of conformer | of the complex that the NH3
moiety, bound to the counterpart just by a nonbonding interaction undergoes an almost
free internal rotation around to its symmetry axis. In this case several torsional states,
each of them with its rotational spectrum are expected. Transitions belonging to the
torsional ground state (m = 0) were mainly assigned and measured. The assigned lines
were used to determine the spectroscopic constants collected in Table 8.7. The fit was
performed using Pickett’s SPFIT program,[15] according to the Hamiltonian as shown in
Eq. (8.1).

Following the assignment of the °N species, the spectra of the **N isotopologues
could be easily identified, while keeping the values of the **Cl or 3'Cl quadrupole
coupling constants and of the centrifugal distortion constants fixed to those of the **N
species. The observed transitions were further complicated by the splitting of the *N
quadrupolar interaction. Figure 8.4 shows the features of the 4¢ «— 3 transition for both
>N and *N species.

Table 8.7 Experimental spectroscopic parameters of the *°N isotopomer.

B8N Hs 37C|—15NH3
B/MHz 1066.8066(6)%  1064.466(5)
%aa(Cl)/MHz -78.747(3) -62.017(2)
Dy/kHz 0.540(6) 0.534(1)
Dj/kHz 7.714(1) 7.657(3)
o"lkHz 3 2

N° 114 56

Error in parentheses in units of the last digit; ® Deviation of the fit;  Number of lines in the fit.
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Table 8.8 Experimental spectroscopic parameters of the **N isotopomer and of the deuterated species.

35C|-14NH3 37C|-14NH3 35C|-14ND3 37C|-14ND3
B/MHz 1100.8828(6)°  1098.163(2) 986.861(1) 985.233(2)
1a(C/MHz ~ -78.820(3) -62.053(3) -78.801(5) -61.893(2)
2aa(N)/MHz -3.10(2) -3.07(2) -3.390(3) -3.385(1)
Dy/kHz 0.557(8) 0.551(1) 0.495(9) 0.499(2)
Dy/kHz 8.338(4) 8.057(7) 7.046(6) 7.320(1)
o"IkHz 3 4 3 4
NE 103 54 62 40

 Error in parentheses in units of the last digit; ® Deviation of the fit; © Number of lines in the fit.

Finally, the spectra of the isotopologues containing fully deuterated ammonia were
investigated. To analyze these latter four spectra, a further term was added in the
Hamiltonian of Eq. (8.1), Ho (**N), which takes into account the **N quadrupolar
contributions. The obtained spectroscopic parameters are collected in Table 8.8.

""NHy~ CFsCl  J=43, k', F — k", F"
0,6 —0,58&
0,504
0,4+0,3 1,6%1,5
0,I3‘<—0'2 1,312
1'4*_1'3}‘". 1,5_-—1,4

2625

8536. 5

35'32_ 5 85'34. 5

14
NH3- CFCl  y=43, Kk IF — k", I"F"

0,56 < 0,45 1,35« 1,24

ekl o 0,35 0,24 146135
0,54 — 0,43 11,45 1,34 0'46‘_0'35. "', "’\1 5.-?(_1 46
0,44 — 0,33 0,45 0,34 | v
0,550,441 ._"56 —145 0,574 0‘45"‘ \ 'ﬂ
1,55 11,44 / | B RN
\ [l
8805.0 8807.0 MHz

Figure 8.5 Top: the 44 < 3, transition is shown for the BN isotopomer of the CF;Cl"NHj; bottom: the 4,

« 3, transition of the *N species.
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Because of the symmetrical properties of the complex, only one directional
quadrupole coupling constant, y.. (N or Cl), can be determined experimentally. Other
weaker lines have been observed for all isotopologues (but not involving the ND3
species), presumably belonging to the m = 1 state. Only the K = 0 lines could be
reliably assigned as the reason already described in the complex of CF3;CI-H,O. The
obtained spectroscopic parameters are reported in Table 8.9.

Table 8.9 Experimental spectroscopic parameters of the |m|=1 state.

350|—15NH3 37C|—15NH3 350|—14NH3 37C|-14NH3
B/MHz 1066.604(6)° 1064.265(3) 1100.666(1) 1097.947(2)
aa(C1)/MHz -78.748(1) -61.917(1) -78.785(5) -62.040(3)
xaa(N)/MHz - - -3.069(3) -3.123(2)
D,/kHz 0.539(6) 0.534(1) 0.560(2) 0.546(3)
o"IkHz 2.2 4.2 3.1 3.0
N° 24 12 32 18

4 Error in parentheses in units of the last digit; ® Deviation of the fit; © Number of lines in the fit.

8.4.3 Molecular structure and internal dynamics

Owing to the nature of the HaB interaction, the angle C-CI---N was assumed to be
very close to 180° in the equilibrium structure of the complex. However, the value of
the yaa (N) quadrupole coupling constant (-3.10 MHz) is quite different with respect to
the corresponding value in ammonia (-4.090 MHz).[ZB] In the case of CFsH-NH3, Fraser
et al. interpreted such a difference in terms of zero point angular oscillations of the NH3
moiety relative to the a-axis of the complex.*”! Assuming that the formation of the
complex does not affect the electric field gradient at the nitrogen nucleus, the average
value of the angle between the a-axis of the complex and the C3 axis of ammonia (& in
Figure 8.6) can be estimated by comparing the observed **N quadrupole coupling
constant of the complex to that of free ammonia (y,) by:

yaa(**N) = 0.5y, (3c0s?6-1) (8.4)
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The value cos’d = 0.83(8) was obtained which corresponds to an angle of 23.7°,
The CF3Cl bending vibration could likewise be treated as an oscillation about the CF;Cl
center of mass (¢ in Figure 8.6), but in this case this method cannot be applied because
2aa(*°Cl) in the complex (-78.820 + 0.003 MHz) is larger in magnitude than the reported
2aa(*°Cl) value in isolated CF5Cl (-77.90 + 0.03 MHz).”*! Actually, such a magnitude
decrease could be interpreted in terms of a small charge transfer from the nitrogen to the
chlorine atom. This hypothesis matches also the small decrease in magnitude of ya
(**N). Then the value of the bending angle @ is an upper limit value, valid when there is
no charge transfer.

The effective geometry of the complex, according to the rotational spectrum, is
that of a symmetric top. The structural information reported and discussed below refers,
then, to a C3, symmetry of the complex. The corresponding ab initio geometry is shown
in Table 8.10.

Table 8.10 Geometries of the observed CF;Cl"NH; complex obtained at MP2/6-311++G(d, p) level

calculation.

Bond length/A Valence angle/® Dihedral angle/°
Cl2C1 1.740
F3C1 1.334 F3C1CI2 110.9
F4AC1 1.334 F4C1CI2 110.9 F4C1CI2F3 120.0
F5C1 1.334 F5C1CI2 110.9 F5C1CI2F3 -120.0
N6CI2 3.080 N6CI2C1 180.0 N6CI2C1F3 0.0
H7N6 1.015 H7N6CI2 112.2 H7N6CI2C1 0.0
H8NG6 1.015 H8NG6CI2 112.2 H8N6CI2H7 120.0
HING 1.015 HING6CI2 112.2 HING6C12H7 -120.0

To reproduce the six available B values of rotational constants, the halogen bond
length needed to be increased by about 0.001 A, resulting in a N---Cl distance of
3.081(1) A. The sketch, principal axis, and atom numbering are given in Figure 8.6. On
the average the ammonia is tilted with respect to the a-axis, but its precession with
respect to the CF3Cl symmetry axis makes the complex an effective symmetric top.
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Figure 8.6 Sketch, principal axes and atom numbering adopted for CFsCl-"NHa.

It was possible to calculate the substitution a-coordinate (see Table 8.11) of the Cl
and N substituted atoms according to Kraitchman’s equation.'”! From the substitution
coordinates of the Cl and N atoms, their rs distance has been calculated to be 3.090(3),

which is in agreement with the ab initio and ro data, 3.080, and 3.081(1) A, respectively.

Table 8.11 Experimental substitution coordinates of the CF;Cl-“"NH; are compared to theoretical values

Cl N
Exptl. +0.761(2)°  +3.851(1)
alA
Calc. -0.774 -3.853

& Error in parentheses in units of the last digit.

8.4.4 Dissociation energy

According to what have been already described above in 8.3.2 section, the
stretching force constants (ks) and dissociation energy (Eg) of the complex can be
estimated from Eq. (8.2) and (8.3). The value ks = 6.3 Nm™ has been obtained, which
corresponds to a harmonic stretching frequency of 86 cm™. The dissociation energy has
been calculated to be ~11.0 kJmol™. This value is quite similar to the Eg values of weak
hydrogen bonds (O-H---F, O-H---Cl, CH---N). The stretching force constants and the
dissociation energies of some C-Cl"N bond and C-H "N bond complexes are collected
in Table 8.12. One can see that all Eg values of them fall in a small range, with values

corresponding to about one half of those of strong hydrogen bonds.

121



Halogen bond

Table 8.12 Comparison of C-CI"N bonding and C-H'N bonding complexes

complex Interaction k/Nm'* Eg/kJmol™ Ref.
CH,Fy---H,0 O-H---F 7.7 75 8]
CH,FCI---H,0 O-H---Cl 8.6 8.5 [10]
CFsCl---OH, C-Cl---0 5.0 1.7 [30]
CFH---NH, C-H--N 6.6 8.1 [17]
CF3Cl---NH; C-Cl---N 6.3 11.0 This work

8.4.5 Conclusion

The rotational spectra observed for six isotopologues of CFsClNHj; have a
symmetric top behavior. The experimental configuration of the complex is characterized
by a HaB interaction. From the fits of the experimental rotational constants, the ro
structure of the complex was evaluated, which gives a 3.083 A length of the CI""N
halogen bond. The force constant, vibrational frequency and dissociation energy of the
complex have been estimated. All these data have been obtained for the first time with a
high resolution technique, such as pulsed jet FTMW spectroscopy, for a Cl---N halogen
bond. The energy of this kind of interaction is quite similar to that of weak hydrogen
bonds and also that of CI-"O HaB.
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