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Conformational isomerism in trans-3-methoxycinnamic acid: From solid to 
gas phase 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Laser ablation seeding into a supersonic 
jet bring the single stable conformation 
of solid trans-3-methoxycynnamic acid 
into a mixture of eight cooled 
conformers. 

• The full conformational panorama of 
trans-3-methoxycynnamic acid in the 
gas phase was investigated by micro-
wave spectroscopy. 

• The rich conformational dynamics of 
trans-3-methoxycynnamic acid is due to 
the rotatable single bonds.  
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A B S T R A C T   

The rotational spectrum of laser ablated trans-3-methoxycinnamic acid has been observed in the 2–8 GHz range 
using chirped-pulse Fourier transform microwave spectroscopy coupled to a supersonic jet and adapted to 
support a laser ablation vaporization system (LA-CP-FTMW). Eight stable conformers were theoretically pre-
dicted to exist at B3LYP-D3BJ/6–311++(2d,p) level, all of which were experimentally detected. The experi-
mental rotational parameters data evidence the essentially planar structures for all the conformers. The relative 
population distribution of conformers in the supersonic jet was investigated from relative intensity measure-
ments. Cooling in the jet brings rotational temperatures close to 1 K for all the conformers. The theoretical 
predictions for the rotational constants and electric dipole moments show good agreement with the experimental 
constants and selection rules observed. The population distribution of conformers in the supersonic jet was found 
to be close to the equilibrium distribution calculated at temperatures lower than the stagnation temperature. 
Finally, the correlation of the observed conformers structures with those found in condensed phases was 
investigated.   

1. Introduction 

The number of conformations accessible to small biomolecules is of 
great interest in biochemistry and drug discovery, since the shape of a 
molecule is a major determinant of its biological and physical properties. 

The number of theoretically possible conformations of organic mole-
cules is generally related to the torsion angles of their rotatable single 
bonds and the possible ring geometries. While many of these confor-
mations are energetically unfavoured and are not observed experimen-
tally there are molecules with a relatively large number of observable 
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conformers [1–5] for which conformational free energy differences can 
be related to their observed populations. Experimentally there are a 
wide range of techniques that cover structure determination in different 
conditions. Condensed phase structures have been investigated using 
NMR and X-ray crystallography. Crystal structures are deposited in the 
Cambridge Structural Database (CSD) [6]. In the context of drug 
research, the conformations of molecules bound to target macromole-
cules are important. The known structures of ligands bound to protein or 
pharmaceutical targets are collected in the Protein Data Bank (PDB) [7]. 
However, to reveal the complete conformational space associated to a 
molecule gas phase studies are needed. For example, a conformation 
observed in a crystal may be due to an unusually favourable intermo-
lecular interaction which is not present in solution or in gas phase. While 
the complete conformational panorama of an isolated molecule can be 
only investigated theoretically using computational chemistry methods, 
the most populated conformations can be experimentally accessed in the 
gas phase using rotational spectroscopy techniques [1–5]. The correla-
tion of the gas phase conformations with crystal or protein bound 
bioactive conformations would give a complete understanding of the 
properties of a molecule, since in many cases the conformation adopted 
by a molecule in condensed phase is accessible at a low energetical costs 
from the isolated molecule conformations [8,9]. 

The 3-(3-methoxyphenyl)-prop-2(E)-enoic acid, commonly known as 
trans-3-methoxycinnamic acid (3mca, Fig. 1), is a member of the wide 
family of cinnamic acid derivatives with pharmacological interest which 
potentially may adopt a wide range of molecular conformers/rotamers 
through the rotation about single bonds (Fig. 1). It has antioxidant 
properties [10] and has applications in leukemia [11], cancer [12], and 
diabetes [13] treatments. It also has antibacterial capacities [14] of 
application in the food industry, where it has been found useful as in-
hibitor of the enzymatic browning reactions in fruits damaged during 

manufacturing and post-harvest processing [15,16]. In the fields of 
inorganic and crystal chemistry, 3mca has been used, together with 
trans-2-methoxycinnamic acid (2mca), as a chelating agent in the syn-
thesis of binuclear complex crystals and one-dimensional coordination 
polymers of rare earth elements with magnetic and luminescent prop-
erties [17,18]. Finally, it has been shown that 3mca can also act as an 
organic catalyst in the polymerization of benzoxazines [19]. These are 
just a few examples that demonstrate the versatility of 3mca applica-
tions. Such versatility is due, among other factors, to the ability of the 
3mca molecule to adapt to different environments through the rotation 
of its four formal single bonds. This means that 3mca may potentially 
adopt a wide range of molecular conformations. Interestingly, X-Ray 
diffraction studies show the presence of only one conformation [20] in 
the crystal. The same conformation is observed for 3mca bound to TraR 
protein present in the Agrobacterium tumefaciens [14]. However, a higher 
variety of conformations have been observed also in the structures of 
3mca acting as a chelating agent in the formation of complexes with rare 
earth elements [17,18]. 

Given the biological and chemical importance of 3mca in close 
relationship with the capacity of its structure to adopt different con-
formations, in this work we have carried out a theoretical and experi-
mental study to determine the conformational panorama of 3mca in the 
gas phase. In these conditions the molecules are virtually isolated and 
show their intrinsic structure, from which reference conformations can 
be obtained. These are essential to compare with the structures of the 
molecule in condensed phase, subjected to different types of interactions 
like in molecular docking studies in proteins and nucleic acids, or to 
contrast predictions of theoretical calculations. The conformational 
study of 3mca in gas phase has been done using a combination of 
theoretical calculations and Fourier transform microwave spectroscopy 
in supersonic jets [21,22], which is described as one of the most defin-
itive structural probes to elucidate all the conformations of a molecule 
[1–5]. Since 3mca is a solid with high vapor pressure, a chirped-pulse 
Fourier transform microwave spectrometer [23] coupled to laser abla-
tion for the vaporization of solid samples (LA-CP-FTMW) has been used 
[24]. 

2. Methods 

2.1. Experimental 

A commercial sample of 3mca (m.p. 116–119 ◦C) was used without 
further purification. The milled sample was mixed with Cu powder in 
1:1 w/w proportion. The homogenized mixture was pressed to form a 
cylindrical rod. The rotational spectrum of laser-ablated 3mca was 
recorded using a chirped-pulse Fourier transform microwave spec-
trometer (CP-FTMW) following Pate’s design [23] and including a laser 
ablation nozzle as described elsewhere [24]. The supersonic jet was 
generated by expansion of Ar at a stagnation pressure of 3 bar through a 
0.8 mm diameter solenoid-pulsed nozzle with molecular pulses of 900 μs 
duration. The sample rod was held near the exit of the nozzle in a 
perpendicular arrangement respect to the supersonic jet axis. Synchro-
nized to the gas expansion a laser pulse hits the solid rod to vaporize the 
sample. For this purpose, the second harmonic (λ = 532 nm) of a pulsed 
Nd:YAG laser (Quantel Q-smart 450, 5.2 ns width, 20 mJ/pulse) was 
focused on the sample. A step motor rotates and translates the rod so that 
each laser pulse hits the rod at a fresh surface. For each combined gas/ 
laser pulse 8 measurement cycles are performed to decrease the mea-
surement time and sample consumption. To achieve this, an AWG 
waveform generates an 8 frames signal with the chirp polarization 
pulses. Each chirp is amplified by a 200 W peak power pulsed traveling 
wave tube amplifier and the corresponding FID signals are acquired in 
the time domain during 40 μs after each polarization pulse. Under these 
conditions 520 000 spectra were coadded and averaged. The resulting 
spectrum was assigned and measured using JB95 [25] program and the 
AABS package [26] available as well as many other useful applications 

Fig. 1. The trans-3-methoxy-cinnamic acid molecule, atom labelling scheme 
and possible torsional coordinates. Only α, β, and γ rotations lead to different 
conformations. 
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on the PROSPE website [27]. The measured spectra were finally 
analyzed using Pickett’s SPCAT/SPFIT suite of programs [28]. 

2.2. Computational 

The conformational panorama of 3mca has been first explored using 
the Conformer-Rotamer Ensemble Sampling Tool program (CREST) 
[29]. The eight different conformers found were further optimized at 
B3LYP-D3BJ/6–311++G(2d,p) [30–32] level including the Grimme D3 
[33] empirical dispersion corrections and the Becke-Johnson BJ damp-
ing function [34]. Frequency calculations within the harmonic approx-
imation have been carried out at B3LYP-D3BJ/6–311++G(2d,p) to 
confirm that the structures obtained correspond to energetic minima. 
The conformers shown in Fig. 2 were labelled from C1 to C8, in 
increasing order of electronic energy. Additionally, conformers are also 
labelled according to the configurations resulting from rotation 
following α, β, and γ coordinates (Fig. 1). For the first we consider the 
two possible configurations entgegen (e) or zusammen (z) of the methoxy 
group with respect to the propenoic acid group (α torsion). For the 
second the e-z arrangement of the C-COOH group relative to the 
methoxy group (β torsion). In the third case the position of the OH 
carboxyl group relative to the methoxy group (γ torsion). The calculated 
energies, spectroscopic constants and electric dipole moment compo-
nents are given in Table 1 and the corresponding structures in Tables S1- 
S8. Further optimizations were carried out at B3LYP-D3BJ/aug-cc-pVTZ 

[35] and MP2/6–311++G(2d,p) [36] levels to test different computa-
tional levels. The results of these calculations are given in the supple-
mentary information (Tables S9-S10). 

The potential energy barriers for the rotation around the four simple 
bonds shown in Fig. 1 were explored for the most stable conformer at 
B3LYP-D3BJ/6–311++G(2d,p) level by doing relaxed scans along the 
appropriate coordinates as shown in Figs. S1-S4. All the calculations 
have been performed with the Gaussian 16 program [37]. The possible 
intramolecular interactions have been investigated through quantum 
theory of atoms in molecules (QTAIM) [38] and non-covalent in-
teractions analysis (NCI) [39] using the Multiwfn program [40]. 

3. Results and discussion 

3.1. Microwave spectra 

The rotational spectrum of 3mca is shown in Fig. S5 where it is 
compared with the eight spectra predicted from the theoretically 
calculated structures. All the predicted conformers are asymmetric ro-
tors close to the prolate limit (κ = -1), having reasonably high values of 
the μa electric dipole moment component. The assignment of the spectra 
was based on the identification of R-branch a-type lines which are ex-
pected to appear forming groups with characteristic patterns separated 
by B + C (see Fig. S5). In this way, the spectra of eight conformers were 
unequivocally identified as shown in Fig. 3. a-Type lines were measured 

Fig. 2. Conformers predicted at B3LYP-D3BJ/6–311++G(2d,p) level. The a (red) and b (yellow) inertial axes are shown. Below each conformer the energies relative 
to the most stable conformer C1 are given. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

R. Castillo et al.                                                                                                                                                                                                                                 



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 311 (2024) 123997

4

in all cases, b-type spectra were observed for seven of them. No c-type 
spectra were observed with the predicted electric dipole moment values 
(see Table 1). The measured lines were fitted using the S-reduced 
semirigid rotor Hamiltonian of Watson in the Ir representation [41]. 

Only some of the quartic centrifugal distortion constants ought to be 
floated. The experimental spectroscopic parameters are given in Table 2. 
The observed frequencies are collected in Tables S12-S19. 

The assignment of the observed spectra to the different conformers of 

Table 1 
Theoretical values of the spectroscopic parameters of interest calculated at B3LYP-D3BJ/6–311++G(2d,p) level for the eight conformers of the 3mca.  

Parameters a C1 C2 C3 C4 C5 C6 C7 C8 
zzz zee eee zze ezz eez zez eze 

ΔE / kJ/mol  0.00  1.03  1.56  1.67  1.73  3.36 3.39  3.77 
ΔEZPC / kJ/mol  0.00  0.81  1.39  1.63  1.56  3.17 3.08  3.52 
ΔG (298.15 K, 1 atm) / kJ/mol  0.00  0.28  1.09  1.49  1.27  2.78 2.16  3.02 
A / MHz  1457.9  1772.2  2416.9  1470.0  1859.0  2377.8 1749.3  1883.5 
B / MHz  376.8  337.2  302.5  377.7  330.7  305.6 341.2  331.3 
C / MHz  300.0  283.8  269.3  301.1  281.2  271.3 286  282.3 
μa / D  2.0  1.7  3.4  − 2.1  4.0  4.5 − 3.0  − 4.0 
μb / D  − 1.8  0.4  2.1  − 1.0  − 0.6  − 0.4 2.0  − 2.3 
μc / D  0.0  0.0  0.0  0.0  0.0  0.0 0.0  0.0 
κ  − 0.87  − 0.93  − 0.97  − 0.87  − 0.94  − 0.97 − 0.92  − 0.94 
Pa / uÅ2  1339.55  1497.07  1669.27  1336.52  1526.74  1652.15 1479.58  1523.78 
Pb / uÅ2  345.03  283.56  207.49  342.19  270.24  210.93 287.29  266.71 
Pc / uÅ2  1.61  1.61  1.61  1.61  1.61  1.61 1.61  1.61  

a ΔE, ΔEZPC and ΔG are the electronic, zero point corrected, and Gibbs energies relative to C1. A, B and C are the rotational constants. μa, μb and μc are the electric 
dipole moment components (1 D = 3.33564 • 10− 30 Cm).κ is the Raýs asymmetry parameter, κ = (2B-A-C)/(A-C). Pa, Pb and Pc are the planar moments of inertia (Pc =

½(Ia + Ib-Ic)).  

Fig. 3. A portion of the rotational spectrum of 3mca showing at least one a-type line assigned to each of the eight observed conformers. The upper trace is the 
experimental spectrum, the lower traces show the spectra predicted with the set of spectroscopic parameters of Table 2: C1 (blue), C2 (red), C3 (violet), C4 (orange), 
C5 (green), C6 (brown), C7 (light blue), C8 (olive). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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3mca (see Fig. 1 and Tables 1 and 2) was done unambiguously by 
comparing the experimental and theoretical values of the rotational 
constants. The error percentage in the prediction of the rotational con-
stants is shown in Table S11. The three levels of calculation predict 
satisfactorily the rotational constants since the residuals are less than 1 
% in all cases, and it is worth mentioning that in most cases it is less than 
0.5 %. Even so, the MP2/6–311++G(2d,p) method seems to offer 
slightly better predictions in general. This agreement allows us to take 
theoretical predictions as reasonable descriptions of the conformer 
structures. The values of the A rotational constant and the Ray’s asym-
metry parameter, κ, are very sensitive to the arrangement of the func-
tional groups of 3mca (see Fig. 2 and Table 1). The larger/smaller values 
of the A rotational constant correspond to the smaller/largest possible 
values of Ia (Ia = Σi mi (bi

2 + ci
2)) and thus to the arrangements with the 

shorter/largest average distance of the atoms to the a axis. If we classify 
the conformers in order of decreasing values of the A rotational constant 
as eee(C3) > eez(C6) > eze(C8) > ezz(C5) > zee(C2) > zez(C7) > zze 
(C4) > zzz(C1) the influence on this constant of the arrangement of 
different groups can be easily seen. The group that most contributes is 
the methoxy group, its entgegen or zusammen dispositions giving the two 
conformer groups with the highest or lowest A values, respectively. The 
next one is the z-e arrangement on the propenoic acid group, and finally 
the less influential is the z-e contribution of the carboxylic group. The 
observed selection rules and intensities reinforce the assignments done 
for the couples of conformers showing similar rotational constants. This 
is obvious for the couple C3/C6 since for C3 a- and b-type rotational 
spectra have been observed while only a-type rotational spectrum is 
observed for C6 according to the theoretical predictions (see Table 1). 
The relative intensities observed the a-type and b-type spectra observed 
for other couples as C1/C4, C2/C7, or C5/C8 with similar rotational 
constants are in good agreement with the squared values of the 

predicted electric dipole moment components. 
The Pc planar moment (Pc = (Ia + Ib-Ic)/2 = Σi mici

2) gives a measure 
of the mass extension out of the ab inertial plane. The Pc experimental 
values derived from the observed rotational constants, given in Table 2 
for all the observed forms, lie in the range 2.2–2.4 uÅ2. These values are 
consistent with a planar skeleton of 3mca lying on the ab inertial plane 
with only two of the methyl group hydrogen atoms out-of-plane. The Pc 
values could also reflect the existence of out-of-plane vibrational con-
tributions, associated to the acrylic acid and methoxy groups. The 
contribution of these groups can be understood if the planar moment 
values for anisole (Pc = 1.70 uÅ2) [42] and trans-cinnamic acid (Pc =

0.55 uÅ2 or 0.59 uÅ2 depending on the orientation of the carboxyl 
group) [43] are considered. In anisole and trans-cinnamic acid the 
planar aromatic ring coincides with the ab inertial plane, the experi-
mental Pc values can be interpreted as the independent contributions of 
the methoxy and acrylic acid groups. Adding these values, we obtain Pc 
= 2.25 uÅ2 or 2.29 uÅ2, values close to the 3mca experimental planar 
moments given in Table 2. Together with the non-observation of c-type 
lines these Pc values confirm the essentially planar structure of the 3mca 
skeleton for all conformations observed. 

3.2. Relative populations and conformer stabilities 

The relative population abundances of the observed conformers in 
the supersonic jet can be estimated from relative intensity measure-
ments [44,45]. This is possible only if it is assumed that expansion 
cooling brings all the molecular systems to the lowest vibrational state of 
each observed conformer. While it is not possible to evaluate vibrational 
temperatures from our experiment since no vibrational excited states 
have been observed, the rotational temperatures can be estimated as 
described in the electronic supplementary information (see Fig. S6) 

Table 2 
Experimental parameters obtained for the eight 3mca conformers observed.  

Parametersa C1 C2 C3 C4 

A / MHz 1453.97067(37)b 1773.279(25) 2409.04379(29) 1465.84869(72) 
B / MHz 376.337403(87) 336.13666(19) 301.910412(63) 377.19836(12) 
C / MHz 299.742029(81) 283.311303(89) 268.953005(58) 300.80286(13) 
DJ / kHz 0.00482(40) [0.0] 0.00170(20) 0.00367(64) 
DJK / kHz [0.0]c 0.0244(58) − 0.0096(18) [0.0] 
DK / kHz 0.101(20) 13.1(51) [0.0] [0.0] 
κ − 0.87 − 0.93 − 0.97 − 0.87 
Pa / uÅ2 1340.67483(43) 1501.1628(27) 1671.60709(39) 1337.57747(66) 
Pb / uÅ2 345.37200(43) 282.6668(27) 207.45390(39) 342.52325(66) 
Pc / uÅ2 2.21347(43) 2.3301(27) 2.33021(39) 2.24569(66) 
μa / μb / μc +/+/- +/+/- +/+/- +/+/- 
N 140 63 106 69 
σ / kHz 4.8 5 3.3 5.5 
ni/n1 1 0.9(2) 0.5(1) 0.6(1) 
% population 25(9) 22(7) 12(4) 16(5) 
Parameters C5 C6 C7 C8 
A / MHz 1845.3041(37) 2370.992(42) 1750.5600(13) 1869.0798(34) 
B / MHz 330.776130(99) 305.03152(13) 340.11713(12) 331.44458(10) 
C / MHz 281.21150(10) 270.94658(15) 285.55920(13) 282.257624(57) 
DJ / kHz 0.00380(31) 0.00179(36) 0.00346(49) [0.0] 
DJK / kHz − 0.0555(25) [0.0] [0.0] − 0.0265(58) 
DK / kHz [0.0] [0.0] 0.38(11) 3.79(72) 
κ − 0.94 − 0.97 − 0.93 − 0.94 
Pa / uÅ2 1525.56742(82) 1654.4468(28) 1483.49452(68) 1522.43829(66) 
Pb / uÅ2 271.58206(82) 210.7883(28) 286.29297(68) 268.05046(66) 
Pc / uÅ2 2.29101(82) 2.3626(28) 2.40270(68) 2.33880(66) 
μa / μb / μc +/+/- +/-/- +/+/- +/+/- 
N 80 55 72 45 
σ / kHz 3.8 4.3 5 4.5 
ni/n1 0.31(6) 0.16(4) 0.37(8) 0.13(3) 
% population 8(3) 4(1) 9(3) 3(1) 

aA, B, and C are the rotational constants. DJ, DJK, and DK are the quartic centrifugal distortion constants in the S-reduced semirigid rotor Hamiltonian of Watson. κ is the 
Ray’s asymmetry parameter, κ = (2B-A-C)/(A-C). Pa, Pb and Pc are the planar moments of inertia (i.e., Pc = ½(Ia+Ib-Ic)). μa/μb /μc indicate the electric dipole moment 
transition rules observed (+) or not (-). N is the number of rotational transitions fitted. σ is the rms deviations of the fit. ni/n1 is the population ratio of conformer Ci 
relative to conformer C1. b Standard error is given in parentheses in units of the last digit. c Parameters in square brackets were fixed to zero. 
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[46]. The calculated rotational temperatures, plotted in Fig. 4, are close 
to 1 K indicating the rotational cooling provided by the supersonic jet in 
the experimental conditions used is rather high. 

In the jet, the intensities of the α-type lines (α = a, b, or c) of 
conformer i, with number density ni in the jet, can be assumed to be 
proportional to (μα)i

2⋅ni, where (μα)i is the electric dipole moment 
component along the α principal inertial axis for conformer i. By 
combining the relative intensities measured on different a-type transi-
tions common to all conformers (see Table S20) with the theoretically 
predicted values of μa (see Table 1) we have estimated the relative 
abundances of the observed conformers in the jet as given in Table S20. 
In this Table and in Fig. 5a the estimated population distribution in the 
jet is compared to that calculated theoretically at 298 K and 1 bar from 
the Gibbs energies [1] for all the levels of calculation used. The theo-
retical calculations show good agreement between them except for 
conformer C7 predicted at the MP2 level to be the most populated at 
room temperature in contrast with the experimental results and the DFT 
predictions. The reason for this discrepancy may lie in the predicted low 
value of the harmonic frequency for the lowest frequency vibrational 
mode, the torsion of the propenoic acid group around its bond to the 
aromatic ring associated with β coordinate (β = ∠C5-C7-C9-C10, Fig. 1). 
The frequency for this vibration is predicted to be 7.6 cm− 1 at MP2/ 
6–311++G(2d,p) for C7 form, while for the other conformers is pre-
dicted to be 15.2 cm− 1 for C2 and in the range 20–24 cm− 1 for the other 
forms. The DFT computations predict a frequency of 22.2 cm− 1 

(6–311++G(2d,p)) or 25.6 cm− 1 (aug-cc-pVTZ) for C7 and values in the 
range 24–31 cm− 1 for the other forms. 

The observed relative abundance of conformers in the supersonic 
expansion results in this case from a series of successive processes 
starting from the laser vaporization, the seeding of molecules in the 
region where the laser ablation plume and the carrier gas stream cross 
each other, and the collisional cooling occurring in the subsequent su-
personic expansion which we have proved it is successful concerning 
rotational temperature. Laser ablation may induce high temperatures 
followed by the subsequent cooling. The relative population of the 
different conformers of 3mca would be brought close to that of ther-
modynamic equilibrium at the local temperature and pressure of the 
carrier gas in the seeding region, just at the initial stages of the expan-
sion, only if a high collision rate exists in the seeding region where the 
laser ablation plume and the expansion stream cross each other [47]. 

Using the B3LYP-D3BJ/6–311++G(2d,p) vibrational and rotational 
data, we have analyzed the temperature and pressure dependence of the 
equilibrium relative populations. These have a small dependence on 
pressure but are sensitive to temperature especially concerning the most 
abundant conformers, as can be seen in Fig. S7 and in Fig. 5. The pop-
ulations observed in the supersonic jet seem to show better agreements 
with temperatures lower than ambient temperature. We do not know the 
amount of each form in the solid sample used. A previous X-ray 
diffraction study of 3mca crystalized in the γ-form shows is composed 
exclusively by conformer C8 units. Laser ablation may provide enough 
energy to bring molecules to high energy vibrational excited states 
allowing thermal redistribution among the different possible conformers 
if a high collisional rate exists in the seeding region. In this case the 
observation of a population ratio corresponding to equilibrium at a 
temperature lower than the stagnation temperature can be reasonable. 
In Fig. 5b the experimental estimated percent populations are compared 
to those calculated at 273.15 K. The small discrepancies can be 
reasonable if we consider the quoted errors and the theoretical ap-
proximations. However, the discrepancies are not incompatible with the 
existence of partial vibrational relaxation in the supersonic jet. In fact, 
conformers C1, C2, C4 and C7, seem to have a higher population than 
that predicted, while C3, C5, C6 and C8 are less populated than pre-
dicted. Relaxation in the supersonic expansion form may occur when 
two non-equivalent conformers and the corresponding two minima in 
the potential energy surface can interconvert through a small barrier 
around 400 cm− 1 [48]. To test the possible paths for conformational 
relaxation, the potential energy barriers corresponding to the rotation 
around the four single bonds shown in Fig. 1 (coordinates α, β, γ and δ), 
which allow the interconversion between the eight observed conformers 
were explored at the B3LYP-D3BJ/6–311++G(2d,p). As can be seen in 
Figures S1-S4, energy barriers were found to be: 240 cm− 1 (α), 446 cm− 1 

(β), 644 cm− 1 (γ) and 1079 cm− 1 (δ). The lowest interconversion barrier 
corresponds to the methoxy group torsion (α, Fig. S1). The observation 
of all the predicted forms indicates that there is not a total relaxation, 
but the data can be compatible with a partial relaxation following the 
methoxy group torsion path as indicated in Fig. 5b: C5 → C1, C3 → C2, 
C8 → C4, C6 → C7. It is also interesting to note that conformers C1, C2, 
and C4, the most populated conformers, reach the lower rotational 
temperatures (see Fig. 4). 

Fig. 4. Rotational temperatures (TR) reached in the supersonic jet for the observed conformers of 3mca obtained from the measured line [46]. The error bars reflect 
the standard deviation of the fit to determine T. 
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3.3. Correlation between gas phase and condensed phase structures 

Given the good agreement between the observed and calculated 
rotational parameters the structures predicted theoretically (Tables S1- 
S8) can be taken as a reasonable description of the experimental struc-
tures for isolated 3mca. The results on the relative intensity measure-
ments also indicate that the theoretical results give a reasonable 
description of the stability of the different forms of 3mca. It is difficult to 
establish the origin of relative stability between conformers giving the 
small energy differences between them. All the conformers have pre-
dicted energies below 400 cm− 1 relative to conformer C1. The QTAIM 
[38] analysis do not anticipate any other bond than the covalent ones 
and the NCI analysis [39] (see Fig. S8) predict similar small interactions 
of attractive and repulsive nature in all the complexes. There are no clear 
correlations between the predicted energies and the configurations of 

the functional groups, so the results may arise from the balance of the 
different covalent and non-covalent forces stabilizing the different 
forms. 

It is interesting to compare the observed conformations with those 
reported in the literature corresponding to condensed phases. The 
structure of the γ-form crystal of 3mca [20] shows just one conformer 
which correlates with conformer C8 (see Fig. 2), the least stable form 
observed in gas phase. The same conformer is found when 3mca in-
teracts with TraR protein [14]. Packing effects and different intermo-
lecular interactions seem to favour C8 conformer in the crystal and also 
as bioactive configuration. Interestingly, in coordination compounds 
with lanthanides [17,18] where 3mca is in its anionic form and it is not 
possible to distinguish the two configurations associated with the acid 
group, other configurations which can be correlated with gas phase 
forms C1/C6, C4/C7 or C3/C8 are found. In a study on the influence of 

Fig. 5. Comparison of the relative percent populations of the observed 3mca conformers, estimated from relative intensity measurements of sets of common 
rotational a-type lines, with the hypothetical equilibrium gas phase populations calculated from Gibbs energies. In plot a, the percent populations at 1 bar and 298 K 
calculated at the three theoretical levels used are shown. In plot b, the B3LYP-D3BJ/6–311++G(2d,p) data were used to calculate the populations at 273.15 K. The 
calculated populations are independent of pressure in a wide range below 4 bar. In plots a and b, the plausible paths for partial collisional relaxation in the supersonic 
jet due to methoxy group torsion (α) (see Figures 1 and S1) are indicated as arrows. 
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different ligands in the growth of lanthanide phosphate nanoparticles 
[49], a configuration between C1 and C4 with the methoxy group being 
perpendicular to the ring plane has been observed. In any case, the 
widest conformational landscape could only be observed in gas phase 
using microwave spectroscopy. 

4. Conclusions 

In this work we have observed the spectra of a total of eight rotamers 
of 3mca in the isolation conditions of a supersonic jet seeded with 3mca 
after its laser-vaporisation. The observed rotamers have been identified 
from the rotational parameters with the eight possible predicted forms 
of 3mca. The relative abundances of the eight conformers in the su-
personic jet have been estimated from relative intensity measurements 
and the calculated electric dipole moment components at B3LYP-D3BJ/ 
6–311++G(2d,p) level (see Table 1). These abundances are consistent 
with the hypothetical equilibrium relative populations at temperatures 
lower than the stagnation temperature of the expanding gas. 

The comparison of isolation structures with condensed phase struc-
tures reaffirms that the relative stability of the conformers of a molecule 
in absence of interactions cannot be extrapolated to condensed phase. 
However, it can be easily shown that the conformers found in condensed 
phase correlate and are accessible to the molecule from those found in 
gas phase. For example, conformer C8 is accessible to the molecule from 
any of the gas phase forms by simple rotation about single bonds with 
small energy cost. The contrary is also true, since in this work we have 
started with a solid sample with 3mca presumably in the C8 form to 
obtain in the supersonic expansion a conformer distribution close to that 
calculated for equilibrium in the gas phase at temperatures lower than 
the stagnation temperature of the expanding gas. This means that the 
amount of energy provided by laser ablation together with the collisions 
with the expanding gas can bring the different forms to get a population 
distribution close to that at equilibrium at some point upstream the 
supersonic expansion. From this point, cooling in the jet brings the 
molecules to the lowest vibrational state of each conformer. Although 
we cannot determine the vibrational temperatures, rotational states 
population cools down to ca. 1 K. 
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