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ABSTRACT

The conformational space of 3-chloropropionic acid has been studied in the isolated
conditions of a supersonic expansion using Stark-modulated free-jet absorption millimeter-wave
and centimeter-wave chirped-pulse Fourier transform microwave spectroscopy techniques. The
rotational spectra originating from the three most stable conformers including **Cl and *’Cl
isotopologues were observed in both experiments using a helium expansion while a partial
conformational relaxation involving skeletal rearrangements takes place in an argon expansion.
The rotational parameters, geometries and energy order were determined from the experiment,
allowing a comparison with quantum chemical predictions. B3LYP-D3(BJ)/Def2-TZVP performs
slightly better than MP2/aug-cc-pVTZ in reproducing the molecular geometries. The deviations
are higher for the conformers showing intramolecular interactions. It is also shown that the
Douglas-Kroll-Hess second-order scalar relativistic core Hamiltonian approach in the point
nuclear approximation is needed to accurately reproduce the electronic properties encoded in the

fully determined nuclear quadrupole coupling constants tensors.



INTRODUCTION

Recently, Persistent and Mobile Organic Chemicals (PMOCs) have drawn attention because
they can elude waste-water treatment facilities, subsurface environments, and even drinking water
treatment processes.! The enrichment of PMOCs in the water cycle is attributed to their mobility
which makes them challenging to remove in water treatment processes.” The two principal factors
affecting PMOCs' mobility are water solubility and adsorption tendencies. These properties are
both related to the molecule’s polarity, which in turn is determined by the intrinsic structural

properties and the influence of the intermolecular interactions including those with the solvent.

To model the mobility of PMOCs, approximate models based on the partition coefficient
between octanol and water (Kow) or the distribution coefficient (Dow), which accounts for the
concentrations of all forms of the compound (ionized plus uncharged), have been used.> However,
it has been pointed out that for flexible molecules a proper modelling of the conformational
ensemble is essential for the correct prediction of physical variables either in the isolated phase or

in solution.*

The optimal experimental method for conformational studies is the use of a supersonic
expansion coupled with high-resolution spectroscopic methods, which allow us to reveal the
molecule inherent structural preferences.’ In particular, pure rotational spectroscopy accurately
identifies different tautomers, isomers or isotopologues by providing precise moments of inertia
and structures both for molecules® or molecular complexes.” Moreover, observing an intense
rotational spectrum requires a large permanent dipole moment, a characteristic of PMOCs, making

them ideal candidates for such investigations.



The list of POMCs contains many halogenated compounds which are commonly used in
various applications such as refrigerants, flame retardants, solvents, and pharmaceuticals.®!?
Recently iodinated acetic acids and chlorinated propionic acids such as 3-chloropropionic acid
(3CIPA) and 2-chloropropionic acid have been detected in drinking water during the screening of
halogenated carboxylic acids.!? In particular 3CIPA has broad applications in the chemical industry
as an intermediate in the synthesis of various organic compounds and it plays a crucial role in the
production of herbicides, insecticides, and other agricultural chemicals.'* Since the substitution by
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a halogen atom can strongly affect the electronic properties and influence both intrinsic'> and

intermolecular behavior, ' !

understanding the conformational space of such compounds can be
extremely valuable. For this reason, the focus of this work is the investigation of the potential

energy surface (PES) of 3CIPA, with particular emphasis on the effects of halogen substitution on

its molecular properties.

The non-substituted forms of carboxylic acids show two conformations of the acid group,
illustrated in Figure 1 for formic acid. They are the zusammen (Z-COOH) and entgegen (E-COOH)
forms but in the literature they are often referred to as cis and trans respectively so we will keep
the double notation. For both formic and acetic acid, the cis (Z-COOH) conformation is the most
stable. The relative energy difference between the cis and trans isomers of formic acid was
determined by microwave relative intensity measurements to be 16.3(4) kJmol™!,'® while for acetic
acid it was calculated at 22.5 kJ mol'." The cis (Z-COOH) conformation was the only one

2023 and Ar matrix** experiments on propionic acid. Two non-equivalent

observed in gas phase
minima are present on the potential energy surface (PES, see Figure S1) of cis propionic acid. The

trans (E-COOH) isomer was calculated to be at 20.7 kJ mol!.?*



The gas phase studies on the halogen-substituted carboxylic acids indicate a great influence

25,26 on the conformational

of the nature, number, and position of the substituted halogen atoms
space. Taking acetic acid as an example, we can see that substitution with a fluorine atom stabilizes
the high-energy £-COOH, which becomes much closer to the Z-COOH form (2.5(1) kJ mol™).%
Both conformations feature an antiperiplanar fluorine atom (F-C-C-OH dihedral angle ca. 180°)

and the less stable form (E-COOH arrangement) takes on a cyclic arrangement with an stabilizing

O-H:-'F intramolecular hydrogen bond.

In difluoroacetic acid, the presence of two fluorine atoms allows for a more complex PES
(see Figure S2 for details on the PES of all fluorine derivatives). Indeed, two Z-COOH
conformations have been observed by microwave spectroscopy where the methyl hydrogen atom
is either gauche or anti with respect to the C-O bond (E(gauche)-E(anti)= 4.4+2.2 kJ mol ') based
on relative intensity measurements.?’ Also, in trifluoroacetic acid the Z-COOH conformation, was
observed in gas phase?® while the higher energy trans (E-COOH) conformation was detected in
different cryomatrices.? In the case of the mono-chloro®® and mono-bromoacetic acid*®a single Z-
COOH conformation was observed, similar to fluoroacetic acid. Three conformations were
suggested from the vibrational spectrum, but the this assignment is unclear (see Figure S3 for

details on the PES of all chlorine derivatives).’!

As regards the halogenated substituted species of propionic acid, only a small number of
compounds have been studied by microwave spectroscopy, namely: 2-fluoropropionic acid*? and
2-chloropropionic acid. ** For 2-fluoropropionic acid®* the Z- and E-COOH forms are almost
isoenergetic and the E-COOH arrangement is the most stable one (energy difference 0.5+0.2 kJ
mol ™), while for 2-chloropropionic acid, only one Z-COOH conformation was observed, in which

the chlorine atom is gauche with respect to the carboxyl group, and the terminal carbon atom is



anti with respect to hydroxylic group. Interestingly, another Z-COOH conformation was predicted

to have an energy difference of 1.41 kJ mol™! but was not observed in the jet expansion.*?

In order to elucidate the still controversial conformational properties of propionic acids and
understand the features attributable to the presence of chlorine we investigate in this work the
conformational isomerism of 3CIPA in the gas phase by studying its rotational spectrum and
comparing the results to quantum mechanical calculations. This comprehensive analysis has the

potential to offer new insights into the properties of PMOCs.
METHODS
Experimental details

The rotational spectrum of 3CIPA was first measured using a Stark-modulated Free-Jet
Absorption Millimeter-Wave (FJ-AMMW) spectrometer, which operates in the 59.6-78.3 GHz
region and has been previously described.** 3°> The 3CIPA sample (melting point 40 °C) was used
without further purification and heated to 60 °C. An inert gas (argon or helium) was flowed over
the heated sample container using a stagnation pressure of 18 kPa and 32 kPa respectively for argon
or helium. The gas mixture was then expanded through a 0.3 mm diameter nozzle into a chamber
to a final pressure of 0.2 Pa for the experiment with argon and 0.4 Pa for the experiment with
helium. The estimated accuracy of the frequency measurements is about 50 kHz, allowing the
resolution of lines separated by >300 kHz. An additional spectrum was obtained in the 2-8 GHz
frequency range using a Chirped Pulse Fourier Transform Microwave (CP-FTMW) spectrometer.
Here, helium was flowed over the sample of 3CIPA heated at 60°C. The backing pressure of helium
was maintained at 203 kPa and the mixture expanded into the chamber, achieving a rotational

temperature of about 2 K. The direct-digital CP-FTMW instruments uses an arbitrary-waveform



generator (25 MSamples/sec) digital source, followed by amplification with a travelling-wave tube
(250 W). A set of eight chirp-pulses were used for each gas pulse. Transmission of the exciting
radiation and signal reception used horn antennas, oriented perpendicularly to the jet. The estimated

accuracy of the frequency measurements is about 10 kHz.
Computational details

A systematic survey of the PES of 3CIPA was conducted at the B3LYP-D3(BJ)/Def2-TZVP
level of calculation. This method behaved satisfactorily in similar molecules.’® Harmonic
frequency calculations confirmed that the calculated structures correspond to real minima. The
potential energy surface related to the CC-C(OH) and CIC-CC torsion angles for the Z-COOH
conformation were obtained at the same level of calculation through relaxed scans using a 10° step
in the full rotation cycle. The geometry of selected conformers was further optimized at the
MP2/aug-cc-pVTZ level of calculations. The obtained structures were used to estimate the nuclear
quadrupole coupling constants of the chlorine nucleus by using the Douglas-Kroll-Hess second-

37

order scalar relativistic core Hamiltonian,”” in the point nuclear approximation, with the

recontracted aug-cc-pVTZ-DK basis set®® *? freely available at the Basis Set Exchange Database*’

(we indicate this method with the acronym MP2//DK). The computations used the Gaussian

software package (G16, revision C.01).*!



RESULTS AND DISCUSSION

Potential energy surface

The conformational space of 3CIPA is defined by two skeletal dihedral angles (z:1=CIC-CC
and 2=CC-C(OH)) and the dihedral angle describing the orientation of the carboxylic hydrogen
atom (73=HO-C=O0, see Figure 2). Considering the possible values of 71 and 7, three orientations
are possible: Anti, Gauche, and Gauche’, while for 73 there are two planar arrangements: £ and Z.
We can therefore label the conformers using a three-letter code for the 71, 7, and 73 angles, for
example, AAZ represents the rotamer with 71~180°, 7=180°, and 73=0°. A second label in Roman
numbers (I, II, I1I...) was added to characterize the energy order of the conformers. By systematic
search of the conformational space, a total of seven non-equivalent species were identified. They
are depicted in Figure 2, including the relative energy values (B3LYP-D3(BJ)/Def2-TZVP). The
four Z-COOH species lie below 6 kJ mol™!, while the three E-COOH species are much higher in
energy (17 to 35 kJ mol™!). The global minimum is the plane-symmetric (Cs) conformer AAZ-I,
characterized by an all-an#i molecular skeleton. The second (G ’A4Z-11) and third (GGZ-11I) isomers
both have the chlorine atom in the gauche orientation. The most stable E-species shows a weak
interaction between the chlorine and the hydroxyl hydrogen atoms. The complete set of
spectroscopic constants of the Z-species is given in Table 1, while the information on the E-species
is listed in the Supporting Information (Table S1). All theoretical structures are reported in a public
repository at this link: https://doi.org/10.6092/unibo/amsacta/7975. Except for the A4 conformers,
each species possesses an equivalent enantiomer with exactly the same energy and spectroscopic
parameters. For example, the GA conformers are equivalent to the G’4 ones where the chlorine
atom is on the opposite side of the CCC plane. Other couples of equivalent arrangements are

G’A/GA, GG/ G’G’, AG/AG " and G’G/GG".



Concerning the relation between the transition intensities observed in the experimental
spectra and the conformational population, it is known that the intensity of a transition line of the
i-th conformer with number density N; can be assumed to be proportional to s> Ni, where s are
the projections of the electric dipole moment of the i-th conformer along the principal inertial axes
(g=a,b,c).

Before the expansion, the conformational populations correspond to those of the equilibrium
Boltzmann distribution, taking also into account the number of equivalent conformations
(degeneracy) and zero-point energy. Accordingly, the intensities of the transition lines of each
conformer can be related to the relative populations in the jet by assuming that the molecular
system has been brought close to thermodynamic equilibrium at the temperature after the adiabatic
expansion of the inert gas. However, one must be aware that if the interconversion barrier between
two conformers is low enough, relaxation processes may change the expected population ratio. In
the reported experiments only conformations with a significant dipole moment and relative
energies below 10 kJ mol™! are expected to give rise to an observable spectrum.*? Therefore, since
the population of the most abundant E-species is predicted to be less than 0.5% of that of the global
minimum, we focused on the four Z-species with total dipole moments between 1.9 and 2.9 D

(Table 1).

Rotational spectrum and conformational population

The spectrum of 3CIPA was initially recorded using argon as the carrier gas and the rotational
lines belonging to two conformers were successfully identified with the FI-AMMW spectrometer.
The nuclear spin (/) of 3/2 for both *>Cl and *’Cl isotopologues gives rise to a hyperfine structure

in the rotational transitions due to the interaction of the chlorine nuclear quadrupole moment with
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the electric field gradient at the chlorine nucleus. For this reason, most transitions exhibited small
hyperfine splitting (about 0.5 MHz) in the 59.6-78.3 GHz frequency range while the splittings
were larger in the lower frequency range.. One example of resolved nuclear hyperfine structure of
312¢-21, transition of *°CI-I is shown in Figure 4. The fitting procedure for the frequency
components was performed in accordance with Watson’s S-reduced Hamiltonian, implemented in
Pickett’s SPFIT program.**** The rotational Hamiltonian is as follows:

H=HR+HCD+HQ

where Hp represents the rigid rotor part of an asymmetric top Hamiltonian, H;p is the
corresponding first-order centrifugal distortion, and H, takes into account the nuclear quadrupole

interaction.®

The agreement between experimental and theoretical rotational parameters identifies the
detected spectra to the two lowest energy conformations, namely: AA4Z-1 and G’AZ-IL
Surprisingly, although GGZ-III and AGZ-1V were predicted to be energetically accessible, they
were not observed in the spectra. As it is known, the carrier gas plays a role in the cooling process:

heavier carrier gases enhance conformer interconversion*®

as observed, for example, for 1,3-
propanedithiol*’ and 1,2-butanediol.** For this reason, the interconversion barriers between the
most stable rotamers have been calculated. From the data reported in Figure 3, the calculated
interconversion barrier from GGZ-1II to GAZ-1I (same as G’G ’Z-111 to G’AZ-11) is predicted to be
about 10 kJ mol™! while the barrier from AGZ-IV to AAZ-I (same as AG’Z-IV to AAZ-1) is only
about 0.5 kJ mol™!. As a ‘rule of thumb’, barriers greater than ~12 kJ mol™! among conformers

appear sufficient to trap population during the supersonic expansion in argon, while barriers lower

than approximately 5 kJ mol™! appear small enough to allow collisional relaxation.*> *’ Relaxation
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to more stable conformations is thus a possible explanation for the absence of GGZ-III and AGZ-

IV in the argon expansion.

A partial confirmation of this arose from the observation of conformer GGZ-1II when using
helium instead of argon as the carrier gas while conformer AGZ-IV remained undetectable. We
argue that AGZ-IV relaxes even when using helium which is quite unusual. A conformational
relaxation in helium expansion was reported for 1-phenyl-2,2,2-trifluoroethanol with an
interconversion barrier of 2.7 kJ mol'.>® This was possible because in that case only a
rearrangement of the light OH group was involved while relaxation of AGZ-IV to the global
minimum AA4Z-I in our experiment involves a reorientation of the heavy atom skeleton. Relaxation
of AGZ-1V in helium expansion must be thus made possible by its very low conversion energy

barrier.

Overall, for 3CIPA in helium expansion, the spectra of 44Z-1, G’AZ-11 and GGZ-III were
assigned both with FI-AMMW and CP-FTMW. Conformer AA4Z-1, characterized by zero .
component and appreciable values of s, and s, exhibits an intense spectrum where z,-R-type and
1-R-type lines were observed ( /gy = 12, Kmax="4). Several un-R-type, 1-Q-type and p,-R-type
transition lines were observed (Jgx = 24, Kmax= 9) for G’AZ-11, as expected for the large
predicted values of u. and i and the very low sz value. The observation of lower quantum
numbers for the more stable 44Z-1 conformer is due to the larger value of the 4 rotational constant
with respect to that of G’4Z-11. Conformer GGZ-111 shows a weak spectrum, where only z6-R-type
lines were observed (Joax = 15, Kmax= 7), in agreement with the large values of 1 and small

values of s, and . As regards the spectra of the 3’Cl isotopologues (natural abundance of ca.

24%) G’AZ-11 and GGZ-11I were observed in both experiments, while 44Z-I could be observed
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only by CP-FTMW because of the very low intensity of its transitions in the higher frequency
region covered by the FJ-AMMW spectrometer. The full NQC tensor could be determined for all
species except 2’Cl -III for which only the diagonal terms were obtained while the off-diagonal
ones were fixed to the fitted 3°Cl -III values scaled by the corresponding nuclear quadrupole
moment values.’! All observed lines were included in global fits for each conformation and each
isotopologue and the results are reported in Table 2, while all measured rotational transition lines

are listed in the Supporting Information (Tables S2-S7).

It is worth mentioning that a K,=9«8 Q-branch of G’AZ-I1 was observed in the FJ-
AMMW spectra recorded using both helium and argon. This allows to make an estimate of the
rotational temperature of the adiabatic expansion in the different conditions by comparison with
spectra simulated at different temperatures in Figure 5. The relative intensity measurements match
with a rotational temperature of 10 K in the argon expansion and 18 K in helium, consistent with

the greater rotational cooling efficiency of argon.*?

From the recorded spectra it is also significant to estimate the relative populations of the
identified conformers of 3CIPA by measuring the relative intensities of the rotational transitions:
Mp-R-type lines were used to estimate the population in Ar expansion, while both z.-R-type and
Mp-R-type lines were used for estimation in He expansion. Taking into account the calculated
electric dipole moment components, we obtained an estimated population ratio of Ni: Nu=1:0.25
in argon (no detection of III) and Ni: Nii: N=1 : 0.4 : 0.05 in helium. These ratios show that the
calculated energy order is correct but they are not consistent with those predicted using the
theoretical data (see Table 1). The derived population of the global minimum is higher than
expected while those of conformers II and III are lower in both carrier gases. This disagreement

could be due to the fact that a partial relaxation of the two higher energy forms onto the global
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minimum occurs in the jet expansion or to the low accuracy of the calculated relative energy
values. The observation that the populations of the two higher energy conformers are lower in
argon expansion with respect to helium indicates a possible partial relaxation of these forms onto
the global minimum in the argon expansion, while the doubt remains as to the fact that the lower
populations of II and III in helium are due to relaxation processes or a relative energy higher than
the calculated one. It must be noted that relaxation involving the carboxyl group in light carrier

gas was observed also for alanine. >

Molecular structure

A comparison of the data reported in Tables 1 and 2 allows the estimation of the accuracy of
the theoretical methods in reproducing the molecular geometries. As regards the global minimum
AAZ-1, both methods perform similarly with deviation of the calculated and experimental rotational
constants below 1%. For the other two conformations, G’AZ-II and GGZ-1II, B3LYP-
D3(BJ)/Def2-TZVP seems more accurate (deviations below 2%) than MP2/aug-cc-pVTZ
(deviations up to 3.5%) suggesting that the B3LYP-D3(BJ)/Def2-TZVP method could better

reproduce the interactions occurring in the gauche conformers.

A deeper analysis based on the planar moments of inertia (Mg where g= a, b, ¢) shows that
the greatest deviations are found for the M., values for all conformers. Regarding conformer 44Z-
I, the Mcc planar moment of inertia is well reproduced (experimental value slightly larger than

calculated ones) and its low value is consistent with the 4 out of plane sp® hydrogen atoms.

Using Kraitchman’s equations®® applied to the rotational constants of the **Cl and *’Cl
species, the substitution coordinates of the chlorine atom in the principal inertial axes system of

the parent species were determined. The coordinates are obtained as absolute values, but their sign
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can be reconstructed by comparison with theoretical calculations. Errors in the determined
coordinates are calculated from propagation of uncertainties in the measured rotational constants,
and then the usually much larger Costain's error is added.>* They are shown in Table 3 and
compared to the theoretical equilibrium values. In agreement with what was discussed in the
previous paragraph regarding the moment of inertia, the DFT method overestimates the distance
of the chlorine atom from the center of mass for all conformers while the ab initio method tends

to underestimate them.
Nuclear quadrupole coupling tensor

Important information on the electron distribution is encoded in the nuclear quadrupole
coupling (NQC) tensor, which is related to the electric field gradient (EFG) tensor at the involved
nucleus. For example, the changes in the NQC-tensors at the chlorine and bromine atoms which
take place upon perfluorination of aryl halides are a direct measure of the extent of the o hole at
the tip of the halogen atom.'® It has also been shown that hydrogen bonding with water decreases

the electric field gradient on nitrogen atom in N,N-diethylhydroxylamine.>®

As shown in Table 2, the off-diagonal terms of the NQC tensor in the principal inertial axis
system of the molecule (I-PAS) have been determined and thus, through direct diagonalization,
the NQCs in the electric field gradient principal axis system (EFG-PAS) can be obtained. Their
values and associated errors were calculated using the QDIAG program written by Z. Kisiel,
available on the PROSPE website>® and are reported in Table 4 for the parent species of the three

observed conformers of 3CIPA together with their associated theoretical values.

The diagonalization process provides also the angles of rotation of the EFG-PAS (x, y, z)

with respect to the I-PAS (a, b, ¢). The values can be obtained both from the experimental and
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calculated values of the NQCs, supplying accurate benchmarks for different calculation methods.
As regards the accuracy of the calculations in reproducing the NQCs of the chlorine atom we can
see that B3LYP/Def2-TZVP overestimates the values while MP2/aug-cc-pVTZ underestimates
them with a similar deviation (about 6-7%). A better agreement can be found using the MP2//DK
method which accounts for relativistic effects (deviations around 3%). The better performance of

the latter method was already shown in the study on chlorine and bromine-substituted benzenes.

16

It can also be assumed that one of the EFG axis is coincident with the C-Cl bond and thus
one can calculate the angles between the I-PAS and the C-Cl bond itself. These results are also
shown in Table 4 and, albeit not totally coincident, they indicate that the z axis of the EFG system
coincides with the C-Cl bond. The y,, values for conformers I, IT and III (-71.6(3), -71.3(8) and -
71.9(1) MHz, respectively) are equal within the error and the values of the asymmetry parameter
(m=Cxxx-xyy) x2z) are very close to 0, indicating an almost cylindrical distribution of the electron
cloud around the CI-C bond. The value of y., of 3CIPA is about 1 MHz bigger than that obtained

for trans-chloropropane®’ (-70.68(11) MHz).
CONCLUSIONS

The conformational landscape of 3CIPA was explored by a combination of the rotational
spectra in a supersonic expansion and extensive quantum chemical calculations aimed at
reproducing the stable structures and their properties. Three conformers were observed in the gas
phase, including both the *°CI and *’Cl isotopologues in each case. For all observed species the
carboxyl group is stabilized by adopting the cis Z-COOH arrangement. The three observed

conformers of 3CIPA include the global minimum (44Z-I), with all-anti coplanar atoms in the
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heavy-atom skeleton and two other Cl-gauche conformations, G’AZ-Il and GGZ-III. These

isomers differ in the gauche or anti orientation of the carboxyl group.

The population distribution derived from the observed transition intensities confirms that
the calculated energy order of the conformers is correct although the global minimum appears to
be more populated than expected probably due to a partial relaxation occurring in the expansion

and involving the carboxyl group.

A careful analysis of the structural parameters obtained from the isotopologues
spectroscopic parameters, measured in natural abundance, further confirmed the assignment and
allowed a comparison between the different quantum chemical methods. Both B3LYP-
D3(BJ)/Def2-TZVP and MP2/aug-cc-pVTZ methods are accurate in reproducing the rotational
parameters for conformer AA4Z-1 (deviations less than 1%) but somehow inaccurate for the gauche
conformers (deviations up to 3.5%) probably due to a difficulty in describing the intramolecular

interactions present in the latter conformations.

The electronic properties of the chlorine atom encoded in the nuclear quadrupole coupling
constants were determined by diagonalization of the NQC tensor allowing a direct comparison
with other molecules and the calculations. Indeed, the EFG shows a cylindrical arrangement
around the CI nucleus and the NQC constants’ module along the CCl bond are equal for all
conformers (average value -71.6(2) MHz) but slightly larger than the one determined for trans-
chloropropan (-70.68(11) MHz).’” Also, the best agreement between theoretical and experimental

parameters is obtained when relativistic effects are accounted for.
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Overall, the experimental and calculated data on 3CIPA show that the molecule possesses a
complex conformational space and a careful use of experimental and theoretical tools was required

to disentangle all its molecular properties.
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Table 1. Predicted spectroscopic parameters for the four lowest-energy conformers of 3CIPA (B3LYP-D3(BJ)/Def2-TZVP and

MP2/aug-cc-pVTZ).

Conformers
AAZ-1 GAZ/G’AZ -1 GGZ/G’G’Z-111 AGZ/AG’Z-1V

Parameters!? B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
AE/kJ mol’! 0.00 0.00 0.78 0.31 3.50 2.37 5.07 4.78
AEo/kJ mol! 0.00 0.00 1.33 0.95 4.15 3.10 5.48 5.16
AG /kJ mol! 0.00 0.00 1.71 1.16 4.85 3.93 4.02 3.59
Ni/No (333K) 1.0 1.0 1.24 1.42 0.45 0.65 0.28 0.31
N'i/N’o (333K) 1.0 1.0 1.08 1.30 0.34 0.48 0.46 0.54
A/MHz 9267.01 9209.24 5498.09 5401.53 5066.85 4973.36 8870.06 8787.89
B/MHz 1167.95 1183.97 1548.80 1610.08 1648.97 1724.42 1177.60 119591
C/MHz 1050.62 1062.84 1523.16 1578.14 1613.67 1670.30 1078.40 1096.25
D/ kHz 0.06 0.06 1.35 1.61 1.35 1.46 0.11 0.12
Dyk/kHz 0.83 0.88 -6.13 -6.90 -0.31 -0.43 5.95 7.58
Dk/kHz 7.56 7.40 36.28 38.51 10.20 7.97 20.48 24.49
di/Hz -0.01 -0.01 0.11 0.14 -0.20 -0.23 0.01 0.02
d>/ Hz -0.00 -0.00 -0.02 -0.01 0.01 -0.01 -0.00 -0.00
3/2)aa/ MHz -87.02 -76.50 11.55 15.01 17.02 19.01 -93.64 -82.81
1/4 (xpb=yec) -4.73 -4.27 -0.86 -3.88 -21.94 -19.50 -0.43 -0.04
/MHz

Xaa! MHzZ -58.01 -51.00 7.70 10.01 11.35 12.67 -62.43 -55.20
xvb / MHz 19.55 16.97 -5.58 -12.78 -49.56 -45.33 30.35 27.52
Xee | MHZ 38.46 34.03 -2.12 2.77 38.21 32.66 32.08 27.68
xab/ MHz -41.84 -37.35 36.80 -33.30 47.77 40.03 -28.43 -24.15
Xac 1 MHz 0.00 0.00 33.96 -26.12 4.12 6.14 25.00 23.36
xbe/ MHz 0.00 0.00 -42.68 -38.65 -6.68 -11.40 7.56 0.12
|al/D 1.64 1.58 1.24 1.11 -0.12 -0.12 0.100 0.76
|us|/D 0.93 0.83 2.25 221 2.69 2.72 1.68 1.57
|uc|/D 0.00 0.00 0.06 0.13 0.77 -0.48 0.00 0.01
Hto/D 1.89 1.79 2.58 2.47 2.80 2.75 1.86 1.74
Maa/uA? 429.60 423.74 283.09 270.28 259.96 247.01 420.41 413.04
Mis/uA? 51.43 51.76 48.71 49.96 53.22 55.56 48.23 47.96
Mec/uA? 3.11 3.11 43.21 43.60 46.52 46.06 8.75 9.55
K -0.971 -0.970 -0.987 -0.983 -0.980 -0.967 -0.976 -0.974




(a1 AE. is the relative electronic energy. AEy is the relative zero-point corrected energy. AG is the relative thermal corrected Gibbs free energy (298 K; 1 atm)., Ni/No is the population
ratio of each conformer with respect to the global minimum calculated using the the relative zero-point corrected energy; N'i/N'o is the population ratio of each conformer with
respect to the global minimum calculated using the relative thermal corrected Gibbs free energies; 4, B, and C are the rotational constants. Dy, Dk, Dx, di, and d: are the quartic
centrifugal distortion constants in the S-reduced semirigid rotor Hamiltonian. yua, ysb, and e are the nuclear quadrupole coupling constants in the principal inertial axis system
representation. ua, uv, uc are the electric dipole moment components. Mg (g = a, b or ¢) are the planar moments of inertia, i.e. Mcc = (laatlpp-Icc)/2. K =(2B-A-C)/(4-C). « is Ray’s
asymmetry parameter.
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Table 2. The experimental parameters of the observed conformers of 3-chloropropionic acids.

Parameter [ 3Cl-1 31CI-1 3CI-I 31CI-II 3CI-I 3TCI-IT

A/ MHz 9223.2548(41) 9220.83(99) 5593.9084(12)  5563.4974(26)  5036.1680(30) 5008.8671(34)
[b]

B/MHz 1177.42396(39) 1145.88724(98) 1572.44126(41) 1537.34376(98) 1683.38610(81) 1647.8497(23)

C/MHz 1058.35711(35)  1032.72741(85) 1525.11070(38)  1492.1606(11) 1642.9555(13)  1606.3956(30)

D,/ kHz 0.0608(61) [0.0608] c] 1.33669(64) 1.306(12) 1.3983(78) 1.306(11)

Dyk/kHz 0.779(62) [0.779] -6.8684(82) -7.008(69) -0.292(53) [-0.292]

Dk/kHz 6.96(17) [6.96] 38.474(24) 38.553(78) 9.577(70) 9.703(51)

di/ kHz - - 0.12155(45) 0.105(27) - -

d>/ kHz - - -0.03269(29) -0.0277(64) - -

3/2)aa /| MHz -81.301(13) -64.222(15) 12.615(11) 9.093(13) 18.812(21) 14.073(65)

1/4(pb-yce) / -4.4624(46) -3.4947(54) 1.8805(40) 0.6672(54) -21.1595(73) -16.592(13)

MHz

Xab/ MHz -39.49(44) 31.89(89) 32.75(82) 28.54(77) 42.54(26) 33.53*ldl

Xac/ MHz 0 0 32.01(84) 24.52(86) 10.43(97) 8.22%*

xbe/ MHz 0 0 -40.718(37) -31.963(45) -7.02(16) -5.53*

N 113 43 123 67 56 20

o/kHz 23 6 19 15 25 25

Hal D Y Y Y Y N N

us/ D Y N Y Y Y Y

e/ D N N N N N N

Maa/ uA? 425.9716(1) 437.7961(3) 281.2126(1) 288.2932(2) 253.7347(1) 260.1987(4)

M/ uA? 51.5412(1) 51.5672(3) 50.1594(1) 50.3963(2) 53.8688(1) 54.4056(4)

M./ uA? 3.2528(1) 3.2411(3) 40.1851(1) 40.4421(2) 46.4810(1) 46.4913(4)

K -0.971 -0.972 -0.977 -0.978 -0.976 -0.976

[2l4, B, and C are the rotational constants. Dy, Dk, Dk, d1, and d> are the quartic centrifugal distortion constants in the S-reduced
semirigid rotor Hamiltonian. yaa, ys», and ycc are the nuclear quadrupole coupling constants in the principal inertial axis system
representation. N is the number of quadrupole hyperfine components fitted. o is the rms deviation of the fit. ua, us, uc are the electric
dipole moment components, yes (Y) or no(N) indicates if the corresponding transitions were observed. Mg (g = a, b or ¢) are the
planar moments of inertia, i.e. Mec = (laa+lpp-lIec)/2. & =(2B-A-C)/(A-C) is Ray’s asymmetry parameter. [*! Standard errors in
parentheses in units of the last digit. (! Values in

the brackets are fixed to the values of the 33Cl species. [¥1 Values marked with asterisk are fixed to the scaled 3*Cl parent species

values.



Table 3. Experimental substitution coordinates (75) and theoretical equilibrium coordinates (7.)
(B3LYP-D3(BJ)/Def2-TZVP, MP2/aug-cc-pVTZ) of the Cl atom in the principal axes system of

the *°Cl species of 3CIPA.

AAZ-1 Vs Ve Fe
B3LYP MP2
a(R)  424544(6) 24682  -2.4494

b(A) +0.092)  -0.1368  -0.1364
¢ (A) 0° 0b 0P
GAZII s 7~B3LYP r~-MP2

a(A) +1.8982(8)  -1.9162  -1.8607
b(A) +0.348(4) -0.3787  -0.4128
c(A) +0.372(4) -0.3474  -0.3265
GGZ-11I Ts 7e-B3LYP  re-MP2
a(A) +1.813(1) 1.8448 1.7903
b(A) +0.531(3) -0.5255  -0.5278
c(A) +0.08(2) -0.0785  -0.1199
2 Standard error in parentheses in units of the last digit using Costain’s estimation. ° Fixed to zero by symmetry.
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Table 4. Experimental and theoretical NQC constants in the principal axis of the coupling tensor,
and rotation angles of principal inertia tensor axes to EFG axis (z), and theoretical angles between

the principal inertia tensor axis (a, b, c¢) and the CI-C bond.

3CIPA Exp B3LYP (BJ) MP2/aug-cc- MP2//DK
/Def2-TZVP pVTZ

3CI-I xxx / MHz 35.5(3) 37.8 33.5 34.6
%/ MHz 36.03(1) 38.5 34 34.8
==/ MHz -71.6(3) -76.3 -67.5 -69.4
/e 0.007(5) 0.01 0.01 0
|0-4]1) / © 23.7(2) 23.6 23.9 23.8
|0-] / © 66.3(2) 66.4 66.1 66.2
|0-c| / © 90.0(0) 90 90 90
|6a| Y / © 23.2 234
0] / © 66.8 66.6
0|/ ° 90 90

3CI-IT Yo/ MHz 33.2(8) 37.1 32.7 33.9
%y ! MHz 38.2(7) 39.3 34.8 35.9
x=:/ MHz -71.3(8) -76.4 -68.1 -69.8
ol /° 0.07(2) 0.03 0.03 0.03
|0-4]11 / © 60.2(2) 59.2 61.4 61.3
05| / © 53.6(2) 51.5 47 47
|0-c| / © 50.8(2) 53.7 56.4 56.5
|01 / © 121.2 119.1
05| / © 51.2 46.7
0|/ ° 54.4 56.4

3CI-I Yo/ MHz 34.9(6) 37.4 33 34.5
% ! MHz 37.0(7) 38.9 34.4 35.4
x--/ MHz -71.9(1) -76.3 -67.4 -69.9
ol /e 0.03(1) 0.02 0.02 0.01
|6zalV / © 62.59(5) 61.3 63.2 63.1
|0-] / © 27.84(9) 29 28 116.9
|0-c| / © 85.5(2) 86.1 82.6 82.6
|01 41 / © 119 117.3
|6s| / © 29.4 28.5
10| / © 85.8 82.3

2 Standard error in parentheses in units of the last digit. ®y=(y.-7.,)/ 7. Angles between the electric field gradient
z-axis and the principal inertial axes (a, b, c). ¥ Angles between the C-Cl bond axis and the principal inertial axes (a,
b, ¢).
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Figure 1. Z-COOH (carboxylic hydrogen atom and the C=O bond in cis configuration) and E-
COOH (carboxylic hydrogen atom and the C=0 bond in #rans configuration) forms of acetic acid,

the prototype carboxylic acid structure.
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Figure 2. Structures and zero point corrected relative energies (AEo) (kJ mol') of the seven

conformers of 3CIPA (B3LYP-D3(BJ)/Def2-TZVP).
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Figure 3. 2D potential energy diagram (reported values in kJ mol") of 3CIPA with respect to 71
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and 7. Relaxed scans of the dihedral angles were performed at the B3LYP-D3(BJ)/Def2-TZVP

level of calculation using a 10° step in the full cycle of rotation.
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Figure 4. Details of the quadrupole hyperfine structure of the 31,2<-21,1 transition of 35CI-I.
Hyperfine components are labelled as F* «<—F’* where F = I + J and half integer spins are rounded

up to the next integer.
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Figure 5. The K,=9«8 Q-branch transitions of G '4Z-1I can be recognized in the spectra recorded
using Ar (upper red trace) and He (lower green trace). Numbers above the peaks indicate the
assigned rotational quantum numbers (J). Simulated spectra of G’AZ-11 at 7= 8, 10, 12, 20 and 22
K using the SPCAT program considering the dipole moment component values (B3LYP-
D3(BJ)/Def2-TZVP). On the right-hand side of the recorded spectrum is a u,-R-type transition line

with J=13«12 and K,=3<«-2 at 68727.85 MHz assigned to 4A4Z-1.
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