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ABSTRACT

Four conformers of m-anisic acid were observed in a supersonic expansion using Fourier
transform microwave spectroscopy. These conformers correspond to different relative
orientations of the acid and the methoxy groups and have their planar skeletons stabilized by
resonance. When formic acid was present in the jet, the spectra of four m-anisic acid—formic acid
heterodimer conformers were detected. The complexes are formed from the interaction of formic
acid with each of the four observed conformers of m-anisic acid through the typical acid-acid
sequential cycle with a double O-H:---O=C hydrogen bond interaction in a pseudo eight-
membered ring arrangement. The four heterodimer forms retain the same four m-anisic acid
conformational geometries and the same relative abundances of the m-anisic acid monomeric
forms in the supersonic expansion. This proves that a kinetic mechanism dominates the

formation of complexes in the jet.

INTRODUCTION

The medical benefits of the anise seed (Pimpinella anisum) are known since the antiquity. As a
traditional herbal medicine, anise has been mainly employed by its carminative effect. Anisic
acids (0-, m- and p-methoxybenzoic acids, AA) are minority components of the anise seed, but
present a wide range of biological activities that can be related with the pharmaceutical
properties of this herb. They may act as inhibitors of bacterial growth' and in different enzymatic
processes.” For example, AAs act as allosteric inhibitors of the isocitrate lyase (ICL) enzymatic
activity.> In some cases, the relative position of the substituents in the aromatic ring influences
the role that these acids play in catalytic processes. For instance, 0-AA increases the enzyme and

specific activity of catalase, while m-AA and p-AA isomers produce the opposite effect.’
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Figure 1. Low energy forms of m-anisic acid (MAA) monomer and m-anisic acid —
formic acid (MAA-FA) heterodimer and their B3LYP-D3/6-311++G(d,p) energies

relative to the global minima.

Moreover, m-AA (3-methoxybenzoic acid) is also employed as a food flavoring ingredient.* It
appears that there is a direct relation between the chemical and biological properties of AAs and

their molecular structures.

One of the functional groups of m-AA is the carboxylic group. This group appears very
frequent in biomolecules, for example, amino acids and nucleic acids. Its capacity of acting as a
double hydrogen bond donor/acceptor makes it one of the most important interaction sites in
biological systems. Moreover, it forms easily dimers or heterodimers with other acids adopting
an eight-membered ring structure through a double O-H:--O hydrogen bond. These hydrogen
bonds are usually considered to be very strong due to the additional stabilization of resonance-
assisted hydrogen bond (RAHB).> This acid-acid interaction has been taken as a prototype for

the doubly hydrogen bonded DNA base pairs which control the transcription and translation



processes of the genetic information.® Moreover, this interaction is associated with the double
proton transfer when it connects two equivalent dimer forms.” Proton transfer has been related to
the possible appearance of genetic mutations of DNA.%!® The first microwave spectroscopic
study of an acid-acid heterodimer was done by Costain and Srivastava at room temperature in

1961." Since then, different works on this subject have been done.”*!>2! The most recent ones

7,8,14-17 18-21

focused on the proton transfer process, or on the study of conformational equilibria.
The systems for which the highest number of different acid-acid complex conformations have
been observed are acrylic acid-difluoroacetic acid cluster’ and 0-AA-FA complex?' with four
conformers in each case. The most interesting aspect of the last system is the observation of two

forms of the complex with 0-AA bearing a trans-COOH arrangement, the first time that such

uncommon complex structures were observed.

A previous study of the 0-, m- and p-anisates of lithium, sodium and potassium using FT-IR,
FT-Raman and '"H NMR spectroscopy methods?> was done assuming that AA adopts only B2
form (see Figure 1). On the other hand, a combined IR, *C and '"H NMR work of m-AA?® in
solution only considered the two possible orientations of the methoxy group to conclude that A

form is more stable than B form with relative abundances of A:B = 3:1.

Rotational spectroscopy has been extensively employed as one of the reference techniques to
determine the molecular structure of molecules and clusters in the gas phase.?* We have recently
used this technique to investigate the molecular structure and the conformational equilibria of 0-
AA?® and its complexes with water? or formic acid (FA).?! The structure of 0-AA% is mainly
governed by the intramolecular interactions between its functional groups giving rise to three
different conformers. In one of them, T1, a strong O-H---O intramolecular hydrogen bond is

established from the acid group to the methoxy group, resulting in a trans-COOH arrangement.



In the other two conformers, C1 and C2, the acid group is in the standard cis-COOH disposition
and the interactions between the acid and the methoxy group are repulsive. In the C1 and C2
forms, which correspond to the two possible relative orientations of the COOH group, the
repulsion induces a small torsion of the COOH group with respect to the aromatic ring plane. In
the present work, we extend this study to m-AA with the aim of investigating the forces that rule
its conformation and molecular structure. In this case, the acid and methoxy groups are far apart
precluding the formation of intramolecular hydrogen bonds between them. Resonance between
the aromatic ring and the substituents is expected to be the dominating force thus stabilizing a
planar skeleton structure. In this way the four possible conformers A1, A2, B1 and B2 shown in
Figure 1 could be regarded as the combinations of the two possible orientations of the methoxy

(A or B) and the carboxylic groups (1 or 2).

In this work we present a study of the molecular structure and conformational landscape of m-
AA and its complex with FA. We have used rotational spectroscopy to analyze the low energy
conformers of m-AA in the gas phase, their relative stability and the possible alteration of this
equilibrium by complexation with FA. This study will allow a better understanding of the
structure of these systems and, consequently, of their chemical properties which in turn govern
their biological activities. The results are compared to those recently obtained for 0-AA? and its
heterodimers with FA.2! One interesting aspect of this research is to analyze how the
configuration of the substituents affects to the ring structure. It is known that the presence of
non-symmetric substituents in the phenyl ring with respect to the substitution axis causes an
imbalance between the two principal canonical structures of the aromatic ring, favoring one form
against the other. This effect, known as Angular-Group Induced Bond Alternation (AGIBA),?%%’

1s also taken into account in this work.



METHODS

Experimental methods

Commercial samples of m-AA and FA were used without further purification. The rotational
spectra have been recorded using broadband chirped-pulse Fourier transform microwave (CP-
FTMW) spectrometers® in the Universities of Alberta (7-18 GHz)*® and Valladolid (2-8 GHz).*°
The carrier gases employed were He, Ne and Ar at stagnation pressures of 1-4 bar. For the
cluster formation, the FA was previously mixed (<0.5%) with the carrier gas. m-AA (m. p. ~ 98-
100 °C, b. p. ~ 200°C) was placed in the nozzle reservoir and heated at around 135°C. The
resulting gas mixture was expanded through a nozzle of 0.8 mm inside the chamber to form a
supersonic jet where the molecular clusters were formed. The length of the molecular pulses
ranges from 700 to 900 us duration depending of the carrier gas used. In the CP-FTMW of
Valladolid, chirp pulses of 5 pus were created by an arbitrary waveform generator and amplified
to 20 W. The polarization radiation power poses a limit of ca. 2 GHz in the exploration
bandwidth so the complete spectrum (2-8 GHz) was recorded in three steps. The polarization
signal was radiated from a horn antenna in a direction perpendicular to that of the expanding gas.
A molecular transient emission spanning 40 us is then detected through a second horn, recorded
with a digital oscilloscope and Fourier-transformed to the frequency domain. The estimated
accuracy of the frequency measurements is better than 15 kHz. The CP-FTMW spectrometer at

? with some minor differences. An arbitrary

the University of Alberta has a similar design’
waveform generator is used to generate a 4 us long pulse with a frequency chirp from 0 to 1

GHz. This chirped pulse is then mixed with the output of a MW synthesizer to produce a 2 GHz



MW chirped pulse which is amplified by a 20 W solid state MW amplifier and then propagated

into the vacuum chamber using a wide-band, high-gain MW horn antenna.

Complementary measurements were done in the University of Alberta on a cavity molecular
beam Fourier transform microwave spectrometer (MB-FTMW) working in the 8-18GHz
frequency region.’!*? In this instrument, the sample was held in a stainless-steel reservoir right
behind a General Valve nozzle and neon gas at backing pressures of 2-4 bar was flowed over the
sample to bring a trace amount of m-AA into the sample cavity. Each line is split into two
Doppler components because the orientation of the supersonic jet expansion is collinear with the
resonator axis. The rest frequency was calculated as the arithmetic mean of the frequencies of the
Doppler components. The estimated accuracy of the frequency measurements using this
instrument is better than 2 kHz.

Computational methods

A conformational search has been done at the B3LYP-D3/6-311++G(d,p) level of theory to
explore the potential energy surface (PES) of m-AA and its complexes with FA. Four stable
conformers of the monomer were found (see Figure 1). Their predicted rotational parameters are
collected in Table 1. The conformers are labelled to indicate the relative arrangement of the
methoxy and carboxyl groups. The first label, A or B, refers respectively to the cis or trans
disposition of the methyl group with respect to the hydrogen atom in ortho position with respect
to both functional groups. The second label, 1 or 2, refers to the orientation of the COOH group
to describe whether the CO or the OH groups, respectively, is next to the same ortho H atom. No
conformer in trans configuration for the COOH group were found to be stable, in contrast to the
case of 0-AA. For the m-AA — FA cluster, up to nine different conformers were found (Figure S2

and Table S1 of supporting information). The four most stable species, which keep the same m-



AA structures of the four monomer conformations, are shown in Figure 1 and their predicted
rotational parameters are listed in Table 1. Complementary ab initio calculations at the MP2/ 6-
311++G(d,p) and MP2/aug-cc-pVDZ levels of theory were employed to predict the dissociation
energies, to explore the PES minimum energy pathways to conformer interconversion and to
calculate the Gibbs energies to estimate the relative conformational abundances. The dissociation
energies were corrected for basis set superposition error (BSSE) using the counterpoise
method.® These were calculated at the MP2/6-311++G(d,p) level in order to have values
comparable to those of related complexes previously reported. All the calculations were done

using the Gaussian 09 program package.>*



Table 1. Spectroscopic parameters predicted at the B3LYP-D3/6-311++G(d,p) level of theory for

the four most stable conformers of m-anisic acid (m-AA) and m-anisic acid — formic acid (m-AA

— FA) heterodimer.

m-AA Al A2 B2 B1
AIMHz @ 1901.03 1859.36 2445 .46 2505.39
B/MHz 775.73 788.21 665.45 657.43
C/IMHz 552.86 555.51 524.86 522.52
Peo/UA2 1.61 1.61 1.61 1.61
Ha/D -0.6 2.0 -3.3 2.3
/D 0.6 -1.7 -0.1 2.5
He/D 0.0 0.0 0.0 0.0
AEpet/cm’t 0.0° 121.7 274.3 305.8
AGusrP/cmt 0.0 79.0 231.1 253.7
m-AA — FA Al-F1 A2-F1 B2-F1 B1-F1
A/MHz 2 1362.78 1451.53 1873.73 1733.08
B/MHz 300.64 293.10 262.94 268.39
C/IMHz 246.69 244.24 230.92 232.92
Pec/uA? 1.61 1.61 1.61 1.61
Ha/D 1.3 1.3 3.2 -3.3
/D 1.0 0.8 0.8 0.6
H/D 0.0 0.0 0.0 0.0
AEper/cm'? 0.0° 472 264.3 267.1
AGusc®/cm™t 0.0 0.2 161.5 192.9

2 A, B and C are the rotational constants. Pcc= (la+ Ib- I¢)/2 is a planar moment of inertia. la, b
and M are the components of the permanent electric dipole moment. AE is the electronic energy
relative to conformer Al for the monomer and Al-Flfor the heterodimer. ® AG is the Gibbs
energy relative to that of the most stable form calculated at 418K and 2bar. ¢ Absolute electronic
energy is -535.5191934 En. ¢ Absolute Gibbs energy is -535.426344 En. © Absolute electronic

energy is -725.3771589 En. f Absolute Gibbs energy is -725.259868 En.
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Figure 2. a) Sections of the spectrum of m-anisic acid (m-AA) showing the assignment of the
60,6<—50,5 transition for the species I (A2), II (B2), III (B1) and IV (Al). b) The spectrum of
m-anisic acid — formic acid (M-AA-FA) showing the assignment of the 140,14¢—130,13

transition to the conformers A1-F1, A2-F1, B1-F1 and B2-F1.

RESULTS AND DISCUSSION

Rotational Spectra

All m-AA predicted forms are prolate asymmetric tops and, with the exception of form Al,
present a high value of the a electric dipole component (Table 1). Initial assignment analysis of
the spectrum was done on the 2-8 GHz CP-FTMW spectrum of the m-AA monomer (see Figures
2 and S3) by identifying the characteristic patterns of the sn-type R-branch transitions which
form well defined groups of J+1«J lines spaced ca. B+C. Additional assignments were later

made in the 8-14 GHz frequency region. The initial survey led easily to the assignment of the
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most intense lines of a species, labelled I (see Figure 2) for which 236 s&- and to-type transitions
of the R-, Q- and P-branches were measured. Removing those lines from the spectrum allows us
to assign the second spectrum in order of decreasing intensity, labelled as II, for which a total of
61 ta-type R-branch transitions were measured. Removing again those newly assigned lines, the
transitions of two new weaker species showing similar intensities and labelled as IIT and IV were
identified. For rotamer III, up to 116 zw- and -type lines belonging to the R- and Q-branches
were observed. Finally, for species IV, 92 sn- and gs-type transitions of the R- and Q-branches
were measured. All the spectra were analyzed using the Watson's semirigid Hamiltonian® in the
A reduction and the I" representation. The determined rotational parameters are reported in Table
2. No splittings attributable to the internal rotation of the methyl group were observed for any
species, in agreement with other rotational studies of structurally similar molecules, such as

anisole®® or 0-AA.%

The assignment of the observed species to plausible conformers of m-AA was done by
comparing the predicted and experimental rotational parameters (see Tables 1 and 2). In
addition, the electric dipole moment components can be related to the observed transition
selection rules and the polarization power needed to optimally polarize the observed transitions
using the MB-FTMW spectrometer. The observed rotamers can be classified into two groups
according to the values of their rotational constants. Species I and IV have similar rotational
constants which can be correlated with the predicted m-AA conformers labelled as A. In the
same way, rotamers II and III can be correlated with the B forms. The non-observation of -
type transitions for species II identifies it as B2 conformer, with s dipole moment component
predicted to be close to zero. Thus, species III was subsequently assigned to B1. Both I and IV

species show z4- and -type transitions. However, the relative low microwave power needed for
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the optimum polarization of the zu- and s-type transitions of species I allows one to correlate it
with conformer A2 (see Table 1) which has moderately higher values of the predicted dipole
moment components than Al. Hence, species IV that needs a high polarization power to polarize
its z- and za-type transitions was assigned to Al. As one can see, the different orientation of the
methoxy group causes noticeable shifts in the values of the rotational constants, and in addition
the relative arrangement of the CH3 and COOH groups leads to important changes in the values

of the electric dipole moments.

Table 2. Experimental rotational parameters for the four observed conformers of m-anisic acid

(m-AA).

Parameters? m-AA IV (Al) m-AA | (A2) m-AA 1l (B2) m-AA 111 (B1)
A/MHz 1903.02382(32)° 1860.87923(11)  2447.94910(78)  2509.04470(27)
B/MHz 779.83252(12) 792.545106(51) 668.14761(17) 659.863398(93)
C/MHz 555.44906(13) 558.153185(40) 526.99894(18)  524.557697(89)
Pe/uA2 1.88532(18) 1.899056(61) 1.93142(29) 1.93440(15)
A;lkHz 0.0083(11) 0.08760(94) 0.0054(17) 0.01082(48)
Ax/kHz - -0.2474(22) - -0.00557(39)
Ax/kHz - 0.1664(15) - -

81/kHz 0.01021(53) -0.02569(39) - -

k/kHz -0.00686(95) 0.09371(91) - -

N 92 236 61 116

o/kHz 5.6 5.1 5.0 5.7

* A, B and C are the rotational constants. Pecc=(lat1b-1c)/2 is a planar moment of inertia. 4;, 4k,
Ak, 65 and Ok are the quartic centrifugal distortion constants. N is the number of rotational
transitions fitted. o is the rms deviations of the fit. ° Standard error are given in parentheses in
units of the last digits.
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Once the assignment of m-AA was completed, the rotational spectrum of the mixture of m-AA

38 easily or to

and FA was recorded (see Figures 2 and S3). The tendency of FA* to dimerize
form aggregates with other molecules present in the mixture, such as water*® or the carrier gas,*’
gives rise a high number of lines belonging to FA or its complexes in the observed spectrum.
Consequently, all the known transitions of the FA species and of the four conformers of m-AA
were removed from the CP-FTMW spectrum prior to the rotational assignment of the m-AA —
FA complex. Following a similar search and assignment procedures as described above, four
different species belonging to A1-F1, A2-F1, B1-F1 and B2-F1 conformers (see Figure 1 and
Table 1) were identified. All the measured transitions were analyzed with the same Hamiltonian
used for the monomer. The results are shown in Table 3. The assignment of the observed species
to the predicted conformer of Table 1 is based in the good agreement between the observed and
predicted rotational constants. There is also a good consistency between the predicted dipole

moments and the selection rules observed and the microwave power needed to optimally polarize

the different transitions of the heterodimer species.

Conformational landscape and molecular structure

The experimental values of the planar moment of inertia Pec (Pec = (Zimici?)/2), which measures
the mass extension out of the ab inertial plane, allow us to discuss the degree of planarity of the
m-AA monomer and the m-AA — FA clusters. The Pcc values for the m-AA conformers lie in the
range 1.88-1.94 u-A? (see Table 2), being similar to those observed for 0-AA T1 form (1.97
u-A%)? or anisole (1.77 u-A?).3¢ Such planar moments correspond to planar skeleton conformers
where their only contributions are from the methyl group out-of-plane hydrogen atoms. For the
four m-AA — FA complex conformers, Pcc take values in the range 2.26-2.36 u-A? (see Table 3).

These values can be also attributed to planar skeleton structures of the observed complex
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conformers if we take into account the possible contributions of out-of-plane intermolecular

vibrations. This hypothesis is reasonable if we assume that the structures of the m-AA

conformers do not changes (see Figure 1) upon complexation with FA, where all the complexes

bear the same double hydrogen bond sequential cycle interaction.

Table 3. Spectroscopic parameters determined for the four observed conformers of the m-anisic

acid — formic acid (M-AA — FA) heterodimer.

Parameters? Al-F1 A2-F1 B2-F1 B1-F1
A/MHz 1375.51660(32)°  1448.81139(59)  1865.840(44) 1752.457(35)
B/MHz 301.70254(24) 295.58629(23)  264.88514(25)  269.20991(24)
C/MHz 247.98262(16) 246.04923(24)  232.46039(31) 233.86435(30)
Pe/uA?2 2.2696(14) 2.2996(17) 2.3664(55) 2.3293(51)
AslkHz 0.00602(78) 0.00480(65) 0.00328(59) 0.00281(58)
Ax/kHz -0.0062(10) - - -

Ax/kHz 0.00392(69) - - -

N 95 50 46 48

o/kHz 6.7 6.8 6.4 6.2

* A, B and C are the rotational constants. Pcc= ( la+ Iv - Ic)/2 is a planar moment of inertia. 4y,
Ak and Ax are the quartic centrifugal distortion constants. N is the number of rotational
transitions fitted. o is the rms deviations of the fit. ® Standard error are given in parentheses in

units of the last digits.
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The predicted rotational constants for the m-AA monomer and the m-AA — FA complex
conformations agree with the experimental values within less than 1% (see Tables 1-3).
Therefore, the B3LYP-D3/6-311++G(d,p) re predicted structures could be taken as reasonable
estimations of the molecular geometries. The comparison of the re geometrical parameters for the
four m-AA monomer and m-AA — FA complex conformers is given respectively in Tables S2
and S3 of the supporting information. The ring structures are almost equal for the two A
conformers and the same happens for the two B forms. This means that the ring structure is
predicted to be practically independent of the orientation of the acid group. On the other hand, as
shown in Figure 3, the ring C-C distances are slightly different depending on the orientation of
the methoxy group. The A structures seem to reflect the AGIBA effect,??” which stabilizes one
resonant form of the benzene ring against the other. This effect is related to the presence of a
substituent angular group, the methoxy group in this case, with respect to the substitution axis.
This effect is not so clear from the B structures. However, if we compare the same ring C-C

distances in both A and B conformers, the changes due to the orientation of the methoxy group

Figure 3. Schematic representation of the AGIBA effect in m-anisic acid (Mm-AA),
which shows the prevalent canonical resonant form of the benzene ring for A and B
groups of the monomer. All the bond distances predicted at B3LYP-D3/6-311++G(d,p)

level of theory are given in A.
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become evident. This behavior was also observed for the anisole molecule®® but not in the o-
AA,? which has the same substituents as m-AA in an ortho disposition. The comparison of the re
parameters of the four detected m-AA forms with those corresponding to the m-AA — FA
conformers (see Tables S2 and S3) indicates that the ring structure does not seem to be altered by
the m-AA — FA interaction. This corroborates that the acid group does not have a net influence
on the ring structure. Instead, the interaction with FA does affect to the structure of the m-AA
COOH group as could be expected if the effects of RAHB® are taken into account. These effects
can be further verified by comparison of the predicted structures of bare and bounded FA (see
Tables S2 and S3). Moreover, it is interesting to remark that the distance Oaa-H:--Ora is

predicted to be shorter than the Oaa---H-Ora length in all the conformers observed.

The minimum energy pathways along the PES for interconversion between the observed
conformers were also investigated. Two different dihedral angles ZC2-C1-C7-O9 and £C2-C3-Os-
Ci1 (see Figure 1) govern the interconversion pathways. The dihedral angle ZC2-Ci-C7-O9 is
associated to the C-COOH torsion and relates forms 1 and 2. The dihedral angle ZC2-C3-Os-Ci1
is in turn associated to the C-OCH3 methoxy group torsion and describes the interconversion
between the A and B conformers. The corresponding potential energy functions shown in
Figures S4 and S5 were predicted at the MP2/aug-cc-pVDZ level of theory, because this level
was found reliable to describe the interconversion between the two cis forms observed in 0-
AA.? The calculated energy barriers for the C-COOH and C-OCH3 torsions were respectively
2400 cm™ and 1200 cm™!. The same explorations were done for the interconversion between the
four observed conformers of the m-AA — FA complex. These potential energy functions are also
included in the supporting information as Figures S6 and S7. The calculated energy barriers have

the same values as in the monomer, indicating that the interaction with FA does not affect to the
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C—OCHs torsion potential energy function and only affect slightly to the C-COOH torsional

motion.

Relative abundances

Relative intensity measurements of the same sets of Ha-type transitions for the monomer and
for the complex conformers were done in the CP-FTMW spectra (see Figure 2). The intensities
can be related to the relative populations in the jet by assuming that the cooling in the supersonic
expansion brings all the molecular systems to the ground vibrational state of each observed
conformation.*! The intensities of the Ha-type lines of conformer i, with a value of the dipole
moment component given by (Ma)i and with number density Ni in the jet, have been assumed to
be proportional to (Ha)i*Ni. Using the predicted values of [a (see Table 1), the estimated relative
abundance ratios are Na1/Na2/N2/Ns1=100/49(10)/13(4)/7(1) for the monomer conformers and
Nai-F1/Na2-r1/NB2-r1/NB1-r1=100/52(11)/13(1)/9(2) for the cluster forms. The intensity of the
cluster transitions is much lower than that for the monomer lines (see Figures 2 and S3). These
abundance ratios, which correspond to the experiments done with Ar, do not change substantially
when using other carrier gases. The relative intensity values thus show that A1 form is the most
populated conformation in the expansion, despite the fact that it has the lowest intensity
transitions. Moreover, the relative populations of the complex conformers are roughly the same

as those of the corresponding monomer conformers.

The populations predicted using the Gibbs energies (Table 1), calculated from the harmonic
frequencies, at the B3LYP-D3/6-311++G(d,p) level of theory, are
Na1/Na2/Np2/NB1=100/76/45/41 for the monomer forms and Nai-r1i/Na2-ri1/NB2-F1/NBi-

F1=100/100/57/51 for the cluster conformers. Complementary relative abundances predictions at
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the MP2/aug-cc-pVDZ level of theory show Nai/Na2/N2/Nsi1=100/74/42/40 for the monomer
forms and Nai-r1/Na2-r1/NB2-r1/NB1-r1=100/88/45/46 for the cluster conformers. Their comparison

to the experimental ones will be addressed below.

The experimental relative intensities indicate that the relative abundance of the different m-AA
conformers is the same as that for the corresponding m-AA — FA complex forms. This is
consistent with the hypothesis of a kinetic mechanism for complex formation in the first stages
of the expansion. Assuming a high enough concentration of FA, the complex concentration
would depend on the relative abundances of the m-AA conformers. Once the complexes are
seeded in the expansion stream, the evolution to equilibrium is quenched and the initial relative
abundances are preserved as the expansion cools down all species in the jet. Similar observations
for related systems as 0-AA-water® or 0-AA-FA complexes®! corroborate this mechanism for

complex formation in the supersonic jet.

It is interesting to compare the population ratio between the A and B conformers. The
theoretical calculations predict this ratio to be A:B = 2:1 for either the monomer or the cluster. In
previous studies done in solution?? this ratio was reported to be 3:1. In the present work done in a
supersonic expansion the experimental ratio is 7:1, more than two or three times higher than the
values in solution or theoretical, respectively. Despite the differences, the conformer abundance
ordering is the same in all cases. These discrepancies might indicate the existence of B—>A
conformational collisional relaxation in the jet,*” but no substantial intensity changes were
observed when using different carrier gases. On the other hand, the exploration of the PES
surfaces for the C-COOH and C-OCH3 torsions (see figures S4-S7) predict barriers that seem to

be high enough to preclude such collisional relaxation.
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In order to explain the preferred stabilization of forms A, steric interactions* between the
methoxy and the carboxylic groups should be discarded. The stabilization of the A species might
be explained if the interaction between the local electric dipole moments of each functional
group is taken into account. While the relative dipole moments of the carboxylic and methoxy
groups are nearly parallel in A conformers, in B conformers, they are disposed in a quasi-

perpendicular disposition, making it less convenient to keep a stable dipole-dipole interaction.

Dissociation energies

The intermolecular stretching vibration is approximately coincident with the a inertial axis in
all the four m-AA — FA conformers. This allows estimation of the stretching force constant from
the centrifugal distortion constant Aj, using the pseudo diatomic approximation.** The
dissociation energy can be then estimated by assuming a Lennard-Jones potential function for
this motion.* These experimental estimations of the dissociation energies are compared in Table
4 with the theoretical BSSE* corrected values. This approximated approach gives equal
dissociation energies for all four m-AA — FA conformers within the uncertainties associated with
the experimental centrifugal distortion constants. The equality of the dissociation energies can be
expected since all four m-AA — FA conformers show the same acid-acid interaction, despite their
differences in the configuration of m-AA. As shown in Table 4, the dissociation energy values
are comparable to those observed for clusters having the same double hydrogen bond interaction
as the four conformers of the m-AA cluster: benzoic acid — FA," difluoroacetic acid — FA,*

acrylic acid — FA'® or the forms of 0-AA — FA with 0-AA in the cis-COOH arrangement.*!
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Table 4. Dissociation energies (Ep) (in kJ mol') estimated from the pseudo diatomic
approximation (Ep (exp)) and predicted using the counterpoise procedure at the
MP2/6311++G(d,p) (En(MP2)) and B3LYP-D3/6311++G(d,p) (En(B3LYP)) levels of theory for
the m-anisic aid — formic acid dimers (m-AA — FA). Dissociation energies are compared to those

of related acids - FA clusters.

Rem /A2 Eb (exp) Eb (MP2) Ep (B3LYP)
m-AA-FA Al-F1 5.5663 51(7)°® 61.0 89.0
m-AA-FA A2-F2 5.6332 63(9) 61.9 90.3
m-AA-FA B2-F1 5.7786 72(13) 61.2 88.9
m-AA-FA B1-F1 5.7281 85(17) 61.4 90.1
0-AA-FAT1-F-1°¢ 4.7763 30(2) 40.4 53.1
0-AA-FA T1-F-2 5.1301 7.1(4) 37.4 52.3
0-AA-FA C2-F-1 5.2516 76(8) 63.5 86.0
0-AA-FA C1-F-1 5.1875 62(5) 64.5 86.8
DFAA-FA trans ¢ 61.7 49.0 -
DFAA-FA gauche 63.3 50.5 -
AA-FA cis ® 64 51 -
AA-FA trans 64 52 -
BA-FAf - 51.4 _

2 Rew 18 the distance between the center of mass of each subunit, determined from re structure.
® Standard error is given in parentheses in units of the last digits. It was derived from the
standard error of Ay constant. ¢ 0-Anisic acid — formic acid cluster, reference 21. ¢ Difluoroacetic
acid — formic acid cluster, reference 20. ¢ Acrylic acid — formic acid cluster, reference 18. ©
Benzoic acid — formic acid cluster, reference 15.
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Comparison between m-anisic acid and the o- anisic acid isomers

It is worth comparing the structure and properties obtained in this work on m-AA with those
previously reported for 0-AA.*> The ortho isomer contains three conformers for which the
structure is dominated by the intramolecular interactions between the carboxyl and methoxy
groups. The most stable conformer of 0-AA has a trans-COOH arrangement and an attractive O-
H---O hydrogen bond intramolecular interaction between both functional groups. This hydrogen
bond interaction fixes the orientation of the COOH and methoxy groups so that there is only one
low energy form in the trans configuration in the carboxylic group. The other two conformers of
0-AA have a cis-COOH arrangement with two possible orientations with respect to the methoxy
group. For these two forms the structure is ruled by a repulsive steric O---O intramolecular
interaction between the acid and methoxy groups. This interaction is so strong that it drives the
torsion of the acid group, resulting in a loss of its co-planarity with the ring, which is favored by
resonance. The methoxy group has only one possible arrangement since the steric CHs:--O
repulsion hinders any conformation with the methyl group close to the acid group. In contrast,
direct attractive or repulsive intramolecular interactions between the acid and methoxy groups
are precluded in m-AA. Thus, in m-AA, the structure of all the observed conformers is governed
by the resonance between the functional groups and the aromatic ring and probably by the
electrostatic interactions between the local electric dipoles of both functional groups. The

resonant effect stabilizes all the forms into planar skeleton structures.

The structural differences should be at the origin of the different chemical reactivity and
properties of 0- and m-AA isomers. The rotational spectrum of 0-AA, studied with the same
techniques used here, contains rotational lines of other structurally similar molecules like

salicylic acid, methyl salicylate or methyl 2-methoxybenzoate.?® These systems can be the result
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of recombination reactions that exchange the CH3 and an H atom reaction upon heating of 0-AA.
These reactions could be explained by invoking inter- or intra-molecular acid catalysis that is
possible by the interactions between the acid and methoxy group. The spectrum of m-AA

obtained under the same condition does not show lines of any potential reaction products.

In addition, the structural differences between 0- and m-AA are also expected to have
consequences in the thermodynamics of both systems. The intramolecular hydrogen bond and
the lower number of conformers in 0-AA compared to m-AA indicated a smaller number of

states accessible in the former and thus to a higher entropy in m-AA.

The forces dominating the structure in both 0- and m-AAs seem to prevail also in their
complexes. In 0-AA two conformers have been observed in a supersonic expansion for the
complexes with water,?® and four for the complexes with FA.?! In both cases, the structures and
particular features of the monomer conformers are preserved upon complexation. In fact, 0-AA
constitutes the first case in which complexes of a trans-COOH arrangement with water or FA
were observed and were the most abundant species detected in the supersonic expansion. The 0-
AA — water”® and 0-AA — FA?! cis-COOH complexes keep practically the same non-planar
configurations as in the 0-AA monomer. Therefore, the structure of 0-AA — water® and 0-AA —
FA2'" clusters is dominated by the same intramolecular interactions between the methoxy and
the carboxylic groups that control the 0-AA monomer structure. In the case of m-AA — FA
complex the same happens and the four conformers observed are planar and thus mainly

stabilized by resonance.
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CONCLUSIONS

Four different conformers of m-AA have been detected in a supersonic jet and characterized by
rotational spectroscopy. These conformers, labelled as A1, A2, B1 and B2 (see Figure 1), reflect
the combination of the four possible orientations of the methoxy (A-B) and acid (1-2) groups.
This gas phase detection contrasts with the observations in solution, where only the disposition
of the methoxy group (A or B) could be identified.?* In the presence of FA, the spectra of four
heterodimer conformers that preserve the structure of the m-AA forms have been detected. In all
cases M-AA interacts with FA forming the same sequential cycle through a double O-H---O
hydrogen bond. The observed planar moment Pcc show that all the identified species have a
planar skeleton with all the heavy atoms lying in the ab plane. The intensity analyses show that
the relative abundances of the four m-AA conformers are the same as those found for the
corresponding m-AA — FA complex forms. This proves the hypothesis that a kinetic mechanism
dominates the complex formation, which takes place in the first steps of the supersonic
expansion where the complex abundances depend on the populations of the monomer forms. The
population rate observed for the A:B species in the m-AA monomer and in the m-AA — FA
complex are of ca. 7:1, higher than the predicted ratio of 2:1 and the solution ratio of 3:1.2* This
might indicate the existence of relaxation processes in the jet although no intensity changes were
observed in the experiments done with different carrier gases. Despite the differences indicated
above, the conformer abundance ordering is consistent in all cases. The dissociation energies
demonstrate that all the complex conformations have the same stabilization energies as could be

expected from their hydrogen bonding structures.
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