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ABSTRACT 

Self-association of four benzoic acid derivatives 2-chloro-4-nitrobenzoic acid, 2-methyl-4-
nitrobenzoic acid, 3-hydroxybenzoic acid and 2,6-dimethoxybenzoic acid in solution was 
investigated using spectroscopic measurements (FTIR, 1H and 13C NMR spectroscopy) and 
molecular simulation methods. Based on the formation of hydrogen bonds, solvents can be divided 
in two groups: apolar solvents or solvents with low hydrogen bond acceptor propensity, in which 
the benzoic acids form hydrogen-bonded dimers, and solvents with hydrogen bond acceptor 
propensity β > 0.3, interacting with the carboxylic group of benzoic acids, and thus screening its 
interaction in the formation of self-associates. The formation propensity and structure of self-
associates stabilized by weak interactions, such as π…π stacking, and CH3

…π interactions, however, 
are determined by the substituents in the benzene ring. Despite all of the studied compounds are 
polymorphic, in none of the cases an unequivocal structural link between self-associates present 
in solution and the crystal form was observed. 
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1 INTRODUCTION 

Crystallization from solution is the most widely used method for the large-scale separation of 
solid materials in the chemical, pharmaceutical and food industries. Nucleation is a crucial step 
in crystallization processes, as it decisively affect the polymorphic outcome, morphology and 
crystal size1. Obtaining control of the nucleation stage is thus particularly important when 
compounds can yield more than one crystal form. Despite the progress over the last decades 
towards understanding different aspects of nucleation provided by the increasing accessibility of 
new experimental techniques and computational methodologies 2-4, the field is still far from the 
possibility to predict the outcome and mechanism of nucleation from first-principles, as recently 
highlighted by a remark by Cruz Cabeza et al. stating that “nucleation is perhaps the least well 
understood step in the area of polymorphism”5. 

It is well documented in the literature that the polymorphic outcome of crystallization is 
dependent on multiple process variables, either affecting the relative thermodynamic stability of 
polymorphs or impacting their nucleation kinetics. These include temperature and pressure6-9, 
clearly linked to polymorph stability,  as well as solvent choice10-13, and even the presence of 
impurities14. For these reasons, the use of additives or surface templates have been considered as 
potential mechanisms for polymorph control15-17. 

Solution chemistry studies have shown that the self-associates present in the liquid parent 
phase can act as prenucleation aggregates, and their intermolecular interaction motifs can be 
carried over to crystals18-22. The most widely studied pre-nucleation aggregates are hydrogen 
bonded associates23-25, although recently attention has been drawn to the importance of aromatic 
and other weaker interactions26-29, which in certain systems can play a significant role or even be 
the driver of the nucleation process30-31. Nevertheless, counterexamples exist where polymorphs 
precipitating from solution are not apparently related to the interactions stabilizing self-
associates present in the mother phase or are governed by other factors32-35. Finally, in several 
cases the link between self-associates and polymorphic outcome of the nucleation process is 
rather vague, and additional details on the nucleation mechanism are necessary in order to 
develop a rational understanding of the impact of solute speciation on polymorph selection27, 36-37. 
The solvent can also play a key role, affecting the structure of solute self-associates, and 
impacting on the nucleation process4, 38-40. 

Different experimental methods have been used to investigate solute self-association, including 
NMR spectroscopy based on the shift of 1H 18, 20, 41-42 or 13C peaks27, 37, multidimensional 
spectroscopy37, 43-44,  the measurement of translational diffusion coefficients or relaxation times T1 
43-44,  bands in IR19, 21, 25 or Raman spectra4, 22, by applying VCD spectroscopy45-46, by measuring 
change of UV absorption11, 23, 47, or by using molecular simulation methods, including electronic 
structure calculations35, 40 and molecular dynamics simulations22, 27, 48-50. However, a very limited 
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number of studies have presented a detailed comparison of these techniques, carefully analyzing 
benefits and drawbacks of each method by studying several compounds. 

In this study we explore the self-association of four substituted benzoic acids (2-chloro-4-
nitrobenzoic acid 2C4NBA, 2-methyl-4-nitrobenzoic acid 2Me4NBA, 3-hydroxybenzoic acid 
3OHBA and 2,6-dimethoxybenzoic acid 26MeOBA) in multiple solvents using information 
obtained from several experimental and computational methods. 

 
Figure 1. Molecular structure of 2C4NBA, 2Me4NBA, 3OHBA and 26MeOBA with numbering 
of non-hydrogen atoms and labelling of flexible torsion angles used in the text. Labels of carbon 
in black, oxygen in red, nitrogen in blue, chlorine in green. Numbering of hydrogen atoms is 
given in Figure S1. 

2C4NBA has been identified as an active compound for the treatment of immuno-deficiency 
diseases, including the HIV infection, and has been reported to form 2 polymorphs51 as well as 
several solvates52. Polymorph I is stable at room temperature and above52, and is almost 
exclusively obtained from cooling crystallization, while in evaporation crystallization 
polymorphs I and II are concomitantly obtained53. Both polymorphs crystallize in P21/c space 
group containing the carboxylic acid dimer motif, with Z′=1 in I and Z′=4 in II. 

2Me4NBA exists in at least 5 polymorphs, with cooling crystallization producing mostly form 
I, while evaporation crystallization leads to the precipitation of forms I and II, as well as 
mixtures of polymorphs containing also forms III and V53. Polymorph I crystallizes in the P21/c 
space group and polymorph II in the P-1 space group, both containing the carboxylic acid dimer 
motif. 

3OHBA exists in forms I and II54 often crystallizing concomitantly. The room temperature 
thermodynamically stable form I54 crystallizes in the P21/c space group containing the carboxylic 
acid dimer motif, whereas the metastable form II crystallizes in the Pna21 space group featuring 
intermolecular hydrogen bond chains consisting of alternate COOH and OH-groups55. Forms I 
and II are monotropically related54, and it has been reported that the selective crystallization of 
either one of them can be achieved by solvent selection54, 56-58. 

Three polymorphs have been reported for 26MeOBA. The most stable, form I, displays a P212121 
space group featuring a catemer motif formed by COOH groups with hydrogen atom in anti 
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configuration59-60. Form II, obtained in water, in the presence of phenylboronic acid, crystallizes 
in the P41212 space group also characterized by a non-planar conformer in the unit cell but 
containing carboxylic group with hydrogen atom in the syn configuration, involved in carboxylic 
acid dimer motifs61. It has been isolated and characterized only once – showing the hallmarks of 
disappearing polymorphism. Form III, crystallizing in P21/c space group also containing 
carboxylic group with hydrogen atom in syn configuration and the carboxylic acid dimer motif 
has been reported recently62-63. 

The aim of this study is to combine readily available experimental techniques (FTIR, 1H and 13C 
NMR spectroscopy) and computational methods (MD simulations and DFT calculations) to 
identify the dominant associates of benzoic acid derivatives present in different solvents. By 
analyzing the case of 2C4NBA, we tuned experimental approaches and computational tools to 
obtain complete information about speciation in solution. Based on these results, selected 
experiments and calculations were carried out for the rest of the compounds. With the 
information about dominant associates present in solution in hand the relation between self-
associates present in solution and the polymorphic outcome obtained during crystallization is 
critically discussed. 

 

2 EXPERIMENTAL SECTION 

2.1 Materials, crystallization experiments and crystal form identification 

2C4NBA (98%, Alfa Aesar), 2Me4NBA (98%, Fluorochem), 3OHBA (99%, Acros Organics), 
26MeOBA (99%, Alfa Aesar) and organic solvents of analytical grade were purchased from 
commercial sources and used without further purification. Deuterated solvents were purchased 
from Eurisotop with ≥99.9% D. Evaporation crystallization experiments were performed by 
preparing concentrated solutions at room temperature, filtrating and transferring the obtained 
solution to the selected glassware and allowing complete evaporation at ambient temperature. 
These experiments were performed in a fume hood at ~25 °C by evaporating 2 – 10 mL of 
solutions from a) Petri dish, b) 10 mL glass flasks with 14/20 joint and c) 100 mL glass flasks 
with 29/32 joint. For cooling crystallization concentrated solutions were prepared at elevated 
temperature (40–80°C, depending on the boiling point of the solvent) and the solution was 
filtered into a flask, which was closed and cooled without stirring by inserting in a thermostat set 
at –10°C. The obtained solid products were collected, air dried, and analyzed by recording 
Powder X-ray diffraction (PXRD) pattern. 

PXRD patterns were measured at ambient temperature on a D8 Advance (Bruker) diffractometer 
using copper radiation (CuKα) at the wavelength of 1.54180 Å, equipped with a LynxEye 
position sensitive detector. The tube voltage and current were set to 40 kV and 40 mA. The 
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divergence slit was set at 0.6 mm and the antiscatter slit was set at 8.0 mm. The diffraction 
patterns were recorded using a 0.2s/0.02° scanning speed from 3° to 35° on 2q scale. 

2.2 Study of association using FTIR spectroscopy and NMR spectroscopy 

For the experimental study of association several solvents with different physicochemical 
properties were selected. Solutions with concentrations ranging from 1000, 500 or 250 mM 
down to 1 mM (for NMR) or 8 mM (for IR spectroscopy) were prepared (see details in the 
Supporting Information). For systems, where the desired largest concentration could not be 
achieved due to poor solubility, a range up to saturation was covered. For the IR spectroscopy 
measurements solvents without carbonyl groups were selected. Fully deuterated solvents 
(DMSO-d6, THF-d8, CDCl3, CD3CN, methanol-d4, toluene-d8 and acetone-d6) were used to 
prepare solutions for measuring NMR spectra. The most concentrated solutions in each solvent 
were prepared directly, while the rest were obtained by subsequent dilutions. Analytical balance 
(±0.1 mg), micropipettes (±1 μL) and class A measuring pipettes and volumetric flasks were 
used for solution preparation. All spectra of the solutions were recorded shortly after their 
preparation (IR spectra and 1H NMR spectra were recorded within several hours, most of the 13C 
NMR spectra were recorded within 1 day, with exception of some low concentration solutions of 
3OHBA and 26MeOBA which were recorded within 1 week). 

For all solutions, except DMSO ones, infrared spectra were collected on a Frontier FTIR 
(PerkinElmer) spectrometer using a liquid transmission cell with KBr windows and a path length 
of 100 µm (except for several occasions where a 25 µm path length was used). For DMSO 
solutions a Universal ATR Sampling Accessory with a diamond window was used instead to 
avoid dissolving the KBr windows. The spectra were recorded from 650 to 4000 cm–1 at a 2 cm–1 
spectral resolution with 16 scans. Spectral lines in the carbonyl group stretching region (1650 – 
1850 cm–1) were decomposed in individual components using the OriginPro 9.0 software. It was 
determined that the peak profiles in most cases are best described with a Lorentzian function, see 
Supporting Information. The number of individual components present were evaluated based on 
the obtained fit. 

1H and 13C NMR spectra were recorded using a Bruker Fourier 300 MHz spectrometer using 
residual solvent as an internal standard for chemical shift referencing. The number of scans was 
selected to obtain an acceptable signal-to-noise ratio (8 – 256 for 1H and 64 – 61440 for 13C 
spectra). NMR spectra were recorded at ambient temperature. The spectra were processed using 
a MestReNova 14.1.1. Chemical shifts were allocated using the splitting information, chemical 
shielding values obtained in ab initio calculations as well as chemical shift values predicted 
using the MestReNova 14.1.1 software. 
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2.3 Ab initio calculations 

Geometry optimizations, both in the gas phase and in polarizable continuum model (PCM) 
solvent, as well as the calculation of vibrational frequencies and NMR shielding tensors (using 
the gauge-independent atomic orbital (GIAO) method) were performed with Gaussian 0964 at the 
M06-2X/6-31++G(d,p) level of theory. The molecular geometries used as initial guess in DFT 
calculations were obtained from experimental crystal structures (VOLZEC for 2C4NBA51, 
QUPROL for 2Me4NBA53, BIDLOP for 3OHBA55, DMOXBA0159 and DMOXBA0361 for 
26MeOBA). The calculated vibration frequencies were scaled by a factor 0.94765. 1H chemical 
shifts were referenced to shielding values of tetramethylsilane (TMS) obtained in identical 
calculations. Electrostatic potential surfaces were generated from electron densities calculated in 
vacuum using Multiwfn 3.7 66 and plotted using Visual Molecular Dynamics (VMD)67. 

The geometries of associates were prepared by isolating molecules containing the desired 
relative arrangement and intermolecular interaction motifs, such as hydrogen bonding or 
aromatic stacking, from the crystal structures, and modifying the relative arrangement of 
molecules, if necessary. The geometry of associates as prepared and that after the geometry 
optimization is given in the Supporting Information. Also in this case, geometry optimizations 
and frequency calculations were performed in Gaussian 0964 at M06-2X/6-31++G(d,p) level. For 
calculation of association Gibbs energy (ΔGass) in solvent more accurate in vacuo energy and 
solvation energy were calculated for the optimized gas phase geometry at M06-2X/aug-cc-PVDZ 
level using the Solvation Model Based on Density (SMD)68. More details about the approach 
used for these calculations can be found in the literature35, 40. 

Pairwise intermolecular interaction energy calculations of crystal structures were performed in 
Crystal Explorer 17.5 at the B3LYP-D2/6-31G(d,p) level69. 

2.4 Molecular dynamics simulations 

Unbiased molecular dynamics (MD) simulations were performed to investigate the molecule 
behavior in solution using an explicit representation of the solvent. Benzoic acid derivatives and 
solvent molecules were modelled with the General Amber Force Field (GAFF)70. The initial 
molecular geometries of the studied benzoic acid derivatives were obtained from the 
experimental crystal structures (see Section 2.3). The topologies of the studied benzoic acid 
derivatives and 2-propanol were generated using the standard GAFF70 procedure, with 
AmberTools1971. Geometries and force field parameters for the remaining solvent molecules 
were obtained from the Virtual Chemistry database72-73. For all solvents we verified that GAFF 
allows to reproduce equilibrium densities consistent with experimental data (see Table S13).  

The initial configuration used in MD simulations was prepared by randomly inserting 20-21 
benzoic acid derivative molecules in a cubic box with box edges of 6 – 6.5 nm, and appropriately 
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filled with solvent molecules, resulting in a final concentration of ~0.1 – 0.15 M. Additional 
details are provided in the Supporting Information. MD simulations were carried out using 
Gromacs 5.1.4 74. The initial configuration was initially energy minimized with a steepest descent 
algorithm imposing an upper limit on the residual force of 1000 kJ mol–1 nm-1 and then 
equilibrated in the canonical (NVT) and isothermal-isobaric (NPT) ensembles for 100 ps. For 
each simulation a time step of 2 fs was used. The production runs were carried out in the NPT 
ensemble for 100 ns at a pressure of 1.0 bar and temperature of 300 K, using the Parrinello-
Rahman barostat75 and the Bussi-Donadio-Parrinello thermostat76. System coordinates were 
saved every 10 ps for further analysis. 

The analysis of the distribution of intermolecular benzoic acid derivative distances and their 
relative orientations was performed using PLUMED 2.577-78. The solute center of mass and the 
vector connecting atoms C4 to C7 (see Figure 1) were respectively used to define position and 
absolute orientation of solute molecules. An in-house python script27 was used for collecting and 
plotting the data. The analysis of probability density distribution of hydrogen bonded dimers and 
hydrogen-bonded associates with solvent molecules were performed using the VMD67 Hbonds 
plugin by counting the number of hydrogen bonds between the respective oxygen (nitrogen for 
acetonitrile) atoms having geometry corresponding to a conventional hydrogen bond (the 
distance donor(D)-acceptor(A) is less than 3.0 Å and the angle D-H-A is 180±20°). The 
residence time of solvent molecules hydrogen-bonded to a solute molecule was obtained 
postprocessing the atomistic trajectories with Plumed 2.5 77-78, using a distance-only criterion for 
the identification of the bonded state, with a cutoff distance of 3 Å.  

 

3 RESULTS AND DISCUSSION 

3.1 Determination of species present in solution using FTIR spectroscopy 

We recorded FTIR spectra of the benzoic acid derivative solutions of different concentration in a 
number of solvents (12 for 2C4NBA, 8 for 2Me4NBA, 7 for 26MeOBA, and 5 for 3OHBA). 
Although formation of associates involving hydrogen bond formed by the carboxylic group in 
general can be identified using several characteristic bands in IR spectra, including regions of 
carbonyl group antisymmetric stretching (1740 – 1660 cm–1), carboxylic –OH…O– out-of-plane 
wag (960 – 875 cm–1) characteristic for the carboxylic acid dimer, and the –O–H stretching (3500 
– 2500 cm–1),25 the first region was the only one in which we detected bands that could be clearly 
interpreted as connected to association phenomena, see analysis of FTIR spectra of solid phases 
and solutions of 2C4NBA as well as ab initio predicted vibration frequencies in Supporting 
Information. 
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Overall, we observed two distinct situations within the frequency range characteristic of C=O 
stretching. In a first group of solvents (acetonitrile, THF, 1,4-dioxane and additionally DMSO 
and methanol for 2C4NBA, methyl tert-butyl ether (MTBE) for 2Me4NBA, DMSO for 3OHBA 
and DMSO and 2-propanol for 26MeOBA) we observe a single distinguishable peak maximum 
or two closely located overlapping peaks, see spectra of 2C4NBA in THF in Figure 2a. The 
separation of this region of the spectrum in individual peaks shows that this region is best 
described by two overlapping peaks of different intensity for 2C4NBA (see Figure 2b), 
26MeOBA and 2Me4NBA, and a single peak for 3OHBA. 

In case of the two overlapping peaks, the peak area and height ratio is not dependent on 
concentration (for an example see Figure 2c), and for 2C4NBA and 2Me4NBA the wavenumber 
differs by 6 – 20 cm–1 and for 26MeOBA by 18 cm–1 in acetonitrile, DMSO and nitromethane 
and 25 cm–1 in THF and 1,4-dioxane. This shows that the two peaks do not appear because of the 
presence of monomer/hydrogen bonded dimer equilibria25, 45, 79 but rather because of the 
simultaneous presence in solution of two conformational isomers (for 2C4NBA having f1 of 
~30° (conformer C1) and ~160° (conformer C2), and for 26MeOBA having f3 = ~0° (conformer 
C1) and 180° (conformer C2)), see Figure 1 for a definition of torsion angles), which in general 
is confirmed by the position difference matching well with ab initio calculated differences in the 
C=O stretching for the different conformers. Details on peak positions, width, area ratio and 
other characteristics as well as information on peak position and relative energy differences for 
different species obtained in ab initio calculations is available in Supporting Information. 

Solutions of 2-propanol (for 2C4NBA, 2Me4NBA and 3OHBA), MTBE (for 2C4NBA), 
acetonitrile (for 2Me4NBA) and nitromethane (for 2C4NBA and 2Me4NBA) display behavior 
similar to this first group, as in these solvents the single distinguishable peak maximum in the 
C=O stretching region is best described with multiple overlapping peaks. The positions and other 
characteristics for the highest frequency peak (in case of 3OHBA) or peaks (in case of 2C4NBA 
and 2Me4NBA) match those observed in the solvents of the first group, and the ratio between 
areas of the peaks is concentration independent. 

For a second group of solvents (chloroform, dichloromethane, toluene and o-xylene) we observe 
two distinguishable peak maximums, see spectra of 2C4NBA in dichloromethane in Figure 2d. 
Separation of this spectral region in individual peaks show that for 2C4NBA this in fact is best 
described with 4 (3 for chloroform) overlapping peaks of different intensity, see Figure 2e. The 
peak area and height ratio for peaks of the highest and lowest wavenumber (1/4) is concentration 
dependent (see Figure 2f) while that of the adjacent peaks 1/2 and 3/4 is not (with exception of 
peaks 3/4 in dichloromethane). The wavenumber of the two closest individual peaks differ by 10 
– 20 cm–1 (for 3 and 4) and 2 – 6 cm–1 (for 3 and 4), while the wavenumber difference between 
peaks 1 and 4 (the most intense individual peaks) is 40 – 50 cm–1. The peak area ratio 
concentration dependence and the wavenumber difference of 40 – 50 cm–1 show that the 
appearance of two peak groups 1/2 and 3/4 results from the presence of monomers and hydrogen 
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bonded dimers in equilibrium25, 45, 79. The presence of more than one peak in each group results 
from the presence of different conformational isomers of solute molecules either in their 
monomer state (peaks 3 and 4) or involved in the formation of self-associates (peaks 1 and 2) in 
solution. Also for 2Me4NBA and 26MeOBA in chloroform and dichloromethane we observe 
two distinguishable peak maxima with position differing by ~35-40 cm–1 and peak area ratio 
linearly dependent on the concentration (see Supporting Information), showing that the 
appearance of two peaks is resulted by presence of monomer/hydrogen bonded dimer 
equilibrium. For 3OHBA because of the low solubility (<10 mM) we did not record FTIR 
spectra in any of these solvents. 

 

Figure 2. IR spectra C=O stretching region of 2C4NBA solution of different concentration in 
THF (a) and dichloromethane (d). Separation of this spectral region in individual peaks for 
250 mM solution in THF (b) and dichloromethane (e). Area ratio of the individual peaks in C=O 
stretching region for THF (c) and dichloromethane (f). 

Based on the analysis of the IR spectra, we can conclude that in chloroform, dichloromethane, 
toluene and o-xylene (Group 2 solvents) 2C4NBA, 2Me4NBA and 26MeOBA form hydrogen 
bonded dimers, that are in equilibrium with monomers. Moreover, for 2C4NBA each of these 
two states can be characterized by up to 2 different conformers. In contrast, in the remaining 
solvents (Group 1 solvents) no hydrogen bonded dimers can be detected for none of the studied 
benzoic acid derivatives. Instead, to some extent, association with solvent tends to shift the C=O 
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stretching peak to lower frequencies, with the most notable redshift observed in DMSO and 
methanol, while the smallest one detected in acetonitrile and nitromethane. In these solvents 
2C4NBA and 26MeOBA exist in two of its conformers. The summary of the peak positions and 
determined identity of species present in solution of the studied benzoic acid derivatives is given 
in Figure 3. 

We note that the additional peak in 2-propanol appears at frequency ~20 – 30 cm–1 lower than 
peaks present in other Group 1 solvents, suggesting that the lower frequency peak could 
correspond to associates where a solvent molecule acts as hydrogen bond donor, which would 
result in larger redshift of C=O stretching peak compared to formation of associates where the 
solvent is the hydrogen bond acceptor. In contrast, the appearance of an additional low frequency 
peak in nitromethane for 2C4NBA and 2Me4NBA, acetonitrile for 2Me4NBA and MTBE for 
2C4NBA is not yet completely clear. 

 

Figure 3. Summary of individual peak positions in C=O stretching region in solution of 2C4NBA 
(a), 2Me4NBA (b), 3OHBA (c) and 26MeOBA (d) in different solvents, with designation of each 
individual peak to the corresponding species present in the solution. 

3.2 Determination of species present in solution using NMR spectroscopy 

In part of the solvents in which FTIR measurements were carried out we recorded 1H NMR and 
13C NMR spectra of 2C4NBA, 26MeOBA and 3OHBA at different concentration. These 
included fully deuterated DMSO, THF, chloroform, DCM, acetonitrile, methanol and toluene, as 
well as acetone. All except for the DCM were used for recording 1H NMR spectra of 2C4NBA, 
while part for recording 13C NMR spectra of 2C4NBA and 1H and 13C NMR spectra of 
26MeOBA and 3OHBA. Based on the concentration dependence of 13C and also 1H chemical 
shifts these solvents can again be classified in two groups. 

In the Group 2 solvents increase of the concentration results in significant increase of the 13C 
chemical shift of C7 (for an example see data in CDCl3 for 2C4NBA in Figure 4) and also 
gradual change of the 1H chemical shift for hydrogen atoms in the benzene ring (in CDCl3 
measured for 2C4NBA and 26MeOBA, in DCM-d2 for 26MeOBA and, although not clearly 
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systematic for all the data, also in toluene-d8 for 2C4NBA, as shown in the Supporting 
Information). This is fully consistent with the formation of hydrogen bonded dimers in these 
solvents (ab initio calculated difference of C7 chemical shift of 2C4NBA in hydrogen bonded 
dimer and monomer is 4-6 ppm depending on the particular conformer). 

 

Figure 4. Concentration dependence of 13C chemical shift of 2C4NBA carbon atoms in CDCl3, 
DMSO-d6 and acetonitrile-d3. The dashed lines are guide for the eye, whereas the solid line for 
C7 in CDCl3 is calculated with theoretical dimerization model (details on the mathematical 
model used and the fitting procedure are provided in the Supporting Information). 

In the Group 1 solvents some change of chemical shift was observed in 1H and 13C spectra 
recorded in DMSO-d6, THF-d8 and methanol-d4 for 2C4NBA, 26MeOBA and 3OHBA, 
acetonitrile-d3 for 2C4NBA and 3OHBA and acetone-d6 for 2C4NBA (see Supporting 
Information), which indicated on some association. However, in none of these solvents this was 
characteristic for formation of hydrogen bonded dimers (most importantly – there was no notable 
chemical shift concentration dependence for 13C chemical shift of C7 peak). For 2C4NBA 
increasing the solution concentration results in a decrease of the 1H chemical shift for hydrogen 
atoms in the benzene ring, as shown Figure 5. In most of the solvents, however, the change 
actually occurs in two stages – an initial increase of the concentration (1 – 32 mM) results in 
increase of the chemical shift, while further increase of the concentration (32 – 1000 mM) results 
in decrease of the chemical shift. This is most clearly visible in the most polar solvents DMSO-
d6 and methanol-d4. Additionally, this effect appears most pronounced for H3 (see Figure 5 and 
Figure S1 for numbering of hydrogen atoms). Although our investigation and analysis were 
unable to provide a solid explanation for the observed chemical shift concentration dependence, 
most likely, the decrease of chemical shift by increasing the concentration is resulted by the 
formation of π…π stacked dimers and trimers. We, however, note that the experimental procedure 
used for collection of the 1H chemical shift concentration dependence was not especially 
optimized which did not allow obtaining such accuracy in these highly procedure sensitive data 
to make the above presented conclusions irrefutable. 
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Figure 5. Concentration dependence of 1H chemical shift of 2C4NBA hydrogen H1 (a) and H3 
(b) in various fully deuterated solvents. The dashed lines are calculated with cubic equation and 
should be interpreted as guide for the eye (see details in the Supporting Information). 

The chemical shift changes for 3OHBA in all the fully deuterated solvents and 26MeOBA in 
DMSO-d6 did not indicate on formation of π…π stacked associates, while the decrease of 
chemical shift by increasing the concentration for 26MeOBA in THF-d8 and methanol-d4 
suggested that formation of some associates involving aromatic interactions, like CH3

…π or π…π 
stacking, could take place. 

3.3 Determination of species present in solution using MD simulations 

We also studied the behavior of the benzoic acid derivatives in solution using MD simulations. 
For the simulations discussed here we used a simulation box representing solutions with a 
concentration falling within the range investigated in experiments (0.1 – 0.16 M), while identical 
conclusions on species present in all the solvents for 2C4NBA was obtained also from 
simulations representing solutions with a concentration of ~0.30 M, see Supporting information. 
Preliminary MD simulations of 26MeOBA showed that an ad-hoc tuning of the forcefield 
parameters is required to correctly capture the relative energy of conformers C1 and C2, thus 
MD simulations for 26MeOBA solutions were not included in this study. 

First of all, we analyzed the MD trajectories by identifying the extent of self-association of 
benzoic acid derivatives in solution. Although in most of the simulations the most abundant 
species are solute monomers, dimers are also frequently detected. Similarly to the results 
emerged from FTIR and NMR, we observe that also MD simulations indicate that solvents can 
be divided in two groups. In the Group 2 solvents (chloroform and toluene) we can clearly 
observe the formation of hydrogen bonded dimers. For 2C4NBA and 2Me4NBA the cluster size 
distribution shows that in these simulations most of the molecules exist in dimers, with larger 
clusters corresponding to dimers and trimers in close proximity also contributing to the 
population of self-associates. The presence of self-associates stabilized by hydrogen bonds was 
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further confirmed by enumerating the solute-solute hydrogen bonds using VMD, as reported in 
Figure 6 for 2C4NBA. 

For 3OHBA in chloroform the concentration used in the simulation was notably larger than the 
solubility of the 3OHBA in this solvent (<10 mM), resulting in formation of large clusters during 
the simulation. Nevertheless, at the beginning of the simulation hydrogen bonded dimers are 
clearly detected, confirming this to be the main intermolecular interaction motif in chloroform. 

 

Figure 6. Probability of 2C4NBA being involved in formation of hydrogen bond O2-H…O1 
obtained from trajectories of MD simulation of ~0.1 M 2C4NBA solution in chloroform (a) and 
THF (b). 

In the Group 1 solvents (DMSO, 2-propanol, THF and acetonitrile) for 2C4NBA and 2Me4NBA 
π…π stacked dimers are the only notable, well-defined, self-association intermolecular motifs 
present, with adducts stabilized by other weak interactions also being occasionally observed. 
Among these solvents, only in THF we observed the occasional formation of a small number of 
hydrogen-bonded dimers. The distribution of cluster size shows that most of the molecules exist 
in monomeric form or are associated in dimers, while on some occasions also larger clusters can 
appear (see Supporting Information). 

To quantify the relative abundance of different interaction motifs, for each of the systems 
investigated we computed the joint distribution of intermolecular solute distances and of their 
relative orientations. For 2C4NBA and 2Me4NBA in the Group 1 solvents the most likely 
distance between molecule centers is slightly below 4 Å. Moreover, interacting molecules do not 
display a well-defined relative orientation, indicating that the statistically dominating motif is 
π…π stacking (see Figure 7 (a) and (d)). In contrast, in the Group 2 solvents the most likely 
distance between molecule centers is slightly above 9 Å, with a distribution of relative 
orientations peaked at ~180°. These features are characteristic of hydrogen bonded dimers (see 
Figure 7 (b) and (e)). In this case, also a smaller second peak characteristic for π…π stacked 
molecules can be observed. A visual inspection of the trajectories reveals that such π…π stacked 
molecules are also typically involved in hydrogen bonding, forming tetramers or trimers through 
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a combination of interactions A and B as shown in Figure 7 (c) and (f) and corresponding to the 
adducts recently observed in benzoic acid solution26. 

 

Figure 7. Distribution of intermolecular benzoic acid derivative distances and relative 
orientations defined by the center of mass and direction from C4 to carboxylic group obtained 
from trajectories of MD simulation of ~0.1-0.15 M solution in acetonitrile (a) and chloroform (b) 
for 2C4NBA, acetonitrile (d) and chloroform (e) for 2Me4NBA, and THF for 3OHBA (g). 
Characteristic molecule pairs detectable in these distribution diagrams is given in (c), (f) and 
(h). 
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MD simulations of 3OHBA solutions showed that in THF part of the molecules form carboxyl-
carboxyl hydrogen bonded dimers (A), as well as dimers hydrogen bonded by phenolic hydroxyl 
group O3-H…O1 (C), and dimers stabilized by two O3-H…O1 interactions (D), as represented in 
the distribution of intermolecular 3OHBA distances and relative orientations, reported in Figure 
7 (g) and (h). In acetonitrile and 2-propanol all these associates formed by hydrogen bonds 
appear notably less frequent, while they are absent in DMSO. In none of the solvents the 
formation of π…π stacked associates is detected. 

Besides the formation of solute self-associates, in order to characterize the dominant motifs in 
solution it is key to assess the propensity of solvent molecules to selectively bind solutes by 
forming hydrogen-bonds27-28. We note that all solvents from the Group 1 can hydrogen-bond the 
benzoic acid derivative molecules, thus screening the carboxylic moieties and inhibiting the 
formation of hydrogen bonded dimers. In these systems the probability of solute molecules to be 
involved in hydrogen bonds of the type O2-H…OSolv/NSolv is always significant, however it varies 
from solvent to solvent. For instance, we find that DMSO is involved in hydrogen bonds with 
more than ~60% of 2C4NBA molecules, while acetonitrile is involved in hydrogen bonds with 
no more than ~30% of 2C4NBA molecules as reported in Figure 8. 

 

Figure 8. Probability that the given relative amount of 2C4NBA molecules will be involved in 
classical hydrogen bonding O2-H…OSolv/NSolv as determined by HBonds plugin in VMD from 
trajectories of MD simulation of ~0.1 M 2C4NBA solution in DMSO (a), 2-propanol (b), THF (c) 
and acetonitrile (d). 
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As 2-propanol is also able to get involved in the hydrogen bonds as donor by forming interaction 
OSolv-H…O1, the occurrence of this interaction was also analyzed. Although such interaction is 
less frequent than O2-H…OSolv, it is still highly likely, as reported in the Supporting Information. 
As expected, for 3OHBA also the phenolic hydroxyl group is involved in hydrogen bonding with 
solvent O3-H…OSolv/NSolv. 

3.4 Stability of solute adducts via DFT calculations 

To further investigate the stability of different interaction motifs in different environments, we 
carry out DFT calculations of the association Gibbs energy in solvent (ΔGsolv

ass) using 
Gaussian 09 to evaluate the stability of various dimeric (hydrogen bonded dimers, various π…π 
stacked dimers and other possible dimers) as well as also some trimeric and tetrameric 2C4NBA 
species and thus assess their relative stability in numerous solvents. We calculated ΔGass in 
vacuum and in 11 different solvents, modelled using a SMD continuum model (but see the 
discussion in Section 3.6 for shortcomings of this approach). The geometry and all ΔGsolv

ass 
values for the 2C4NBA species considered are available in the Supporting Information. 

Overall, these calculations show that among the dimers analyzed in all solvents except for 
alcohols hydrogen bonded dimers (particularly HBDC consisting of conformers C2) should be the 
most stable species, see data in selected solvents in Table 1 (geometry is provided in Figure 
S45). Among the considered π…π stacked dimers πAF, πSD, π2SB (geometry is provided in Figure 
S46) are the most stable ones, but even they are predicted to be stable only in alcohols, 
particularly in methanol. Although the considered trimers are predicted to be stable relative to 
the monomers, particularly in 1,4-dioxane and toluene, their formation is not favorable when 
compared to the highly favorable hydrogen bonded dimers and monomers. In contrast, formation 
of tetramers, particularly TtB, is calculated to be favorable both against the monomers as well as 
the dimers in all solvents. 

Table 1. Association Gibbs energy ΔGass in vacuum and several selected solvent continuum (in 
kJ mol-1) with respect to corresponding monomers (and also dimers for the tetramer TtB) for 
selected 2C4NBA dimers and tetramer. 

 vacuum ACN DCM DIOX DMSO IPA MeOH THF TOL 

HBDC -26.08 -7.64 -9.44 -21.89 -10.81 1.18 1.31 -14.30 -21.62 
πAF 5.71 6.98 9.19 4.25 3.85 -0.36 -3.58 7.87 9.43 
πSD 2.04 7.06 8.53 2.30 4.48 -0.01 -3.68 7.48 7.29 
π2SB 7.09 6.40  3.83  -0.07 -2.46  9.73 
TtB 

a -65.13 -26.12 -25.25 -56.84 -37.66 -23.03 -31.63 -35.93 -46.23 
TtB 

b -12.97 -8.28 -3.65 -10.15 -13.58 -23.02 -32.00 -4.64 0.00 
a – with respect to monomers, b – with respect to dimers. 
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3.5 Comment on formation of π…π stacked dimers 

Differences in the formation of classical π…π stacked dimers for 2C4NBA and 2Me4NBA 
compared to 3OHBA and 26MeOBA can be rationalized based on the electrostatic potential 
(ESP) maps of these molecules, mirrored in the packing characteristics of their crystal structures. 
In the ESP map of 2C4NBA and 2Me4NBA, the area above and below the benzene ring is more 
positive than for 3OHBA and 26MeOBA, as shown in Figure 9. The surface extrema values 
above and below the benzene ring determined using Multiwfn 3.7 66 were +8 to +13 kcal mol–1 
for 2C4NBA, +3 to +6 kcal mol–1 for 2Me4NBA, –10 to –7 kcal mol–1 for 3OHBA and –10 to –5 
kcal mol–1 for 26MeOBA C1 and –14 to –12 kcal mol–1 for C2. We thus infer that parallel 
stacked aromatic interactions are favored for 2C4NBA and 2Me4NBA80-81, while CH3

…π are 
favored for 26MeOBA. 

 

Figure 9. Electrostatic potential maps of one of the conformers of the studied molecules. The 
maps for the other conformers are nearly identical for 2C4NBA, 2Me4NBA and 3OHBA and 
highly similar for benzene ring region for 26MeOBA, see Figure S100. 

This tendency also clearly emerges when analyzing packing features in the crystal phase of 
polymorphs of the studied compounds. In polymorphs I and II of 2Me4NBA and II of 2C4NBA 
classical parallelly stacked molecules can be found, with total interaction energies ranging from 
–22 to –40 kJ mol–1 and dispersion components from –32 to –49 kJ mol–1. There are no classical 
parallelly stacked molecules in 2C4NBA polymorph I, but this structure is rather an exception as 
it is shown to be the only such structure for 2C4BA53. However, the only structure with classical 
parallelly stacked molecules for 3OHBA and 26MeOBA is 3OHBA polymorph II, but note that 
the total interaction energy (–19 kJ mol–1) and the dispersion component (–32 kJ mol–1) is the 
least negative among the classical parallelly stacked molecules, as given in Table S25. 

3.6 Summary of species present in solution 

It can be concluded that in apolar solvents or solvents with hydrogen bond acceptor propensity β 
< 0.282 (chloroform, dichloromethane, toluene and o-xylene) the analyzed benzoic acid 
derivatives form conventional hydrogen bonded dimers. In contrast, in polar solvents, or solvents 
able to act as hydrogen bond acceptors characterized by β > 0.3 (acetonitrile, DMSO, THF, 1,4-
dioxane, methanol, 2-propanol, nitromethane, MTBE and acetone) the formation of hydrogen 
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bonded dimers is inhibited, in favor of π…π stacked associates for 2C4NBA and 2Me4NBA. The 
formation of hydrogen bonded dimers can be reliably detected with FTIR and 13C spectroscopy 
measurements, while the formation of hydrogen bonds with the solvent can be captured quite 
clearly in FTIR spectra. Although 1H spectra capture detailed information on a self-association, a 
clear identification of the species affecting changes in the chemical shifts is challenging. For 
2C4NBA the decrease in the chemical shifts observed by increasing solute concentration is likely 
due to the formation of π…π stacked associates, however such assumption is difficult to prove 
unambiguously. Furthermore, all of the processes occurring in solution could be captured by 
analyzing MD simulations. 

However, ΔGsolv
ass calculated using DFT method cannot be used to assess which species are 

likely to be present in solution, as spectroscopic methods and MD simulations show that 
2C4NBA hydrogen bonded dimers, and, based on the MD simulations, to some extent also 
tetramers formed from two hydrogen bonded dimer pairs, are present only in toluene and 
dichloromethane (from solvents considered in ab initio calculations), while formation of π…π 
stacked associates is observed in numerous solvents. Most likely this is because these 
calculations cannot account for the conformational entropy associated with the large structural 
fluctuations of dimers and with explicit solvent. Moreover, directional interactions with the 
solvent cannot be captured with a continuum model. 

 

3.7 Detailed characterization of the benzoic acid derivative associates formed 
with solvent 

All of the studied molecules clearly form hydrogen bonds with the solvent, as observed in MD 
simulations and also in IR spectra by analyzing the shift in the position of C=O stretching band. 
In IR spectra, the most pronounced correlation between the wavenumber of C=O stretching 
peaks and solvent hydrogen bond acceptor propensity β is observed for 2C4NBA as shown in 
Figure 10, while for other molecules the correlation is not that linear and some of the solvents do 
not fit in this trend (as can be assessed from Figure 3). This can be associated with additional 
interactions present between the solvent and the benzoic acid derivative or by the modification of 
the self-association behavior of the benzoic acid derivative by the solvent. 
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Figure 10. Correlation between the C=O stretching peak position and the solvent hydrogen 
bond acceptor propensity β for 2C4NBA in the Group 1 solvents. 

Hydrogen bonds between benzoic acid derivatives and the Group 1 solvents O2-H…OSolv/NSolv are 
also clearly detected by analyzing the obtained MD trajectories. Number of 2C4NBA, 
2Me4NBA and 3OHBA molecules hydrogen bonded to the solvent correlate with the hydrogen 
bond acceptor propensity β of solvent: DMSO forms hydrogen bonds with the largest number of 
benzoic acid derivative molecule, while acetonitrile – the lowest number. The most molecules 
are solvated for 2C4NBA (see Figure 11 where the probability maximum Pmax in the distribution 
of relative amount of benzoic acid derivative molecules involved in hydrogen bond with solvent 
is depicted), while for 2Me4NBA and 3OHBA this number is similar and notably lower. 

 

Figure 11. Correlation of solvent hydrogen bond acceptor propensity β with probability 
maximum Pmax corresponding to relative amount of benzoic acid derivative molecules involved in 
hydrogen bond with solvent (the lines correspond to a linear model) and with solvent residence 
time τ in hydrogen bonded state to benzoic acid derivative molecules (in logarithmic scale, the 
lines correspond to an exponential model). 
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It can also be added that for 3OHBA also the phenolic hydroxyl group forms hydrogen bonds 
with solvent O3-H…OSolv/NSolv, and the number of 3OHBA molecules involved in such interaction 
is in fact higher than the number of molecules involved in the interaction O2-H…OSolv/NSolv. 

Additionally, the only hydrogen bond donor solvent, 2-propanol, also forms hydrogen bonds 
OSolv -H…O1 and with 3OHBA also OSolv -H…O3. The number of such hydrogen bonds for 
2C4NBA and 2Me4NBA is lower, while for 3OHBA higher than the corresponding hydrogen 
bonds where solvent is the acceptor. 

For an additional characterization of the hydrogen bonds between the benzoic acid derivatives 
and the solvent molecules for all unique solute-solvent pairs investigated in simulation we 
determined the lifetime distribution, reported in Figure 12. The mean lifetime of solute-solvent 
associates τ was obtained by fitting the escape time distribution to decaying exponential. The 
obtained order of solvent residence time parameter τ is in agreement with the probability for 
observing solute molecules hydrogen bonded to the solvent, and therefore to the solvent 
hydrogen bond acceptor propensity β (see Figure 11). For 2C4NBA the highest lifetime is 
906 ps, recorded in DMSO, and the lowest is 18.9 ps, in acetonitrile. Solvent residence time for 
2-propanol acting as hydrogen bond donor is shorter (46 ps for 2C4NBA) than the lifetime of 
adducts in which 2-propanol is the hydrogen bond acceptor (143 ps). 

 

Figure 12. Distribution of lifetime of hydrogen bonded 2C4NBA-solvent pairs (detected based 
on only by the distance between donor and acceptor atoms being lower than 3.0 Å) obtained 
from trajectories of MD simulation of ~0.1 M 2C4NBA solution in DMSO, 2-propanol, THF and 
acetonitrile. The lines are calculated by exponentially decaying function. The occurrence is 
normalized by height constant K of the theoretical equation. 
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The mean lifetime of solute-solvent associates τ for 2Me4NBA are similar to those of 2C4NBA, 
while for 3OHBA the lifetimes of associates formed by carboxyl group are slightly lower and 
those formed by phenolic hydroxyl group even lower, except for 2-propanol, for which τ is 
186 ps, see details in Supporting Information. 

3.8 Crystal form obtained in crystallization experiments in context with the 
species present in solution 

We also performed crystallization of all the studied benzoic acid derivatives from various 
solvents also used in the spectroscopic and MD studies reported in this work. Several separate 
(3-5) cooling crystallizations without stirring were performed at –10 °C, while evaporation 
crystallizations were performed at ~25 °C from 3 different type of glassware, on several 
occasions performing up to 3 parallel crystallizations. Summary of the crystal forms obtained in 
these experiments is given in Table 2. Although we cannot exclude some effect on the 
polymorphic outcome of the crystallization by the presence of impurities in the chemicals used, 
in general the solvent and selection of the crystallization method have more notable effect. 

Table 2. Summary of the crystal form obtained in the crystallization of benzoic acid derivatives 
in cooling and evaporation crystallization. 

 2C4NBA 2Me4NBA 3OHBA 26MeOBA 
 Cool. Evap. Cool. Evap. Cool. Evap. Cool. Evap. 
Group 1         
MeOH I I / II I II I (+ II) I + II I (+ III) I / I + III 
2-propanol I I + II I I / II / I+II I I + II I I / I + III 
Acetone I I (+ II) a I I + II II (+ I) II (+ I) I I / I + III 
THF I I I I (+ II) I (+ II) I + II I I + III 
1,4-dioxane SDIOX 

b – I I / II I (+ II) I + II I (+ III) I + III / III 
Acetonitrile I I / II V / II V/I/II II (+ I) I + II I I / I (+ III) 
Nitromethane I I (+ II) I I/II/V I (+ II) II I I 
Group 2         
DCM I I (+ II) I I / II / I+II N/A c II I (+ III) I (+ III) 
Chloroform I I + II I / SCLF 

b – II II I I (+ III) 
Toluene I I / I + II I I N/A c I + II I I + III 

a – in parenthesis phase present in minor quantity is given. b – solvate is obtained in 
crystallization experiments, no evaporation experiments have been performed. c – solubility was 
very low and not enough product for phase identification was obtained in the experiments. 

Despite the two clear self-association modes present for 2C4NBA and 2Me4NBA in solution, the 
self-associates seem to have no effect on the crystal form obtained during the crystallization. 
However, this could be explained by the fact that crystal structures of polymorphs I and II for 
both compounds contain only carboxyl acid dimers (see Figure S101). Thus, apparently other 
criteria are responsible for selection of the crystal form. In cooling crystallization, the 
thermodynamic stability plays an important role, as in nearly all cases thermodynamically most 
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stable form is obtained (for both compounds polymorph I). In evaporation crystallization instead, 
the formation of crystal forms is notably less selective and both polymorphs can be obtained. 
Additional evaluation of the effect of evaporation rate (provided by use of different opening size 
of the used glassware) and container material did not lead to any conclusions about the control 
mechanism of the formation of these polymorphs. 

The results of association obtained for 3OHBA suggest that the formation of polymorph I, 
containing hydrogen bonded dimers (see Figure S101), should be facilitated in chloroform, 
dichloromethane and toluene, which is not the case. In fact, in chloroform and dichloromethane 
only polymorph II was obtained, while in other solvents there was no clear selection criteria for 
the formation of these polymorphs. Thus, the associates present in solution do not seem to affect 
the polymorph obtained in the crystallization, as also proposed earlier35. The associates present in 
solution do not determine the obtained polymorph also for 26MeOBA, as in evaporation often 
mixture of I and III (with only the latter containing hydrogen bonded dimers, see Figure S101) is 
obtained, while in cooling crystallization the mixture is obtained from solvents with different 
properties providing different association of 26MeOBA in the solution. 

4 CONCLUSIONS 

All the compounds analyzed form hydrogen bonded dimers only in apolar solvents, or in 
solvents with hydrogen bond acceptor propensity β < 0.2. In contrast, in solvents able to act as 
hydrogen bond acceptors (β > 0.3) there is no notable amount of hydrogen bonded dimers, while 
the solute forms hydrogen bonds with solvent molecules. It is likely that these hydrogen bonds 
are in fact inhibiting the formation of hydrogen bonded dimers, even when established with 
rather weak hydrogen bond acceptors such as acetonitrile and nitromethane. Furthermore, we 
note that the functional groups attached to the benzene ring of the solute govern the propensity to 
form self-associates stabilized by weaker interactions altering the electrostatic potential of the 
benzene ring. 2C4NBA and 2Me4NBA tend to form π…π stacked associates, 26MeOBA can 
form CH3

…π associates, while 3OHBA does not form any associates stabilized by aromatic 
interactions in any of the solvents considered in this study. 

The formation of hydrogen bonded dimers can be detected using FTIR and 13C NMR 
spectroscopy measurements, while formation of hydrogen bonds with the solvent can be seen 
clearly in FTIR spectra. Although 1H spectra seem to capture detailed information of the 
association, a clear identification of the species resulting the chemical shift change is 
challenging. The self-association processes occurring in solution can be captured by analyzing 
the performed MD simulations, which confirm the experimental finding and provide additional 
details on the structural arrangement of associates and on their lifetime. On the contrary ΔGsolv

ass 
calculated using DFT with implicit solvation methods does not reliably predict which species are 
likely to be present in solution, as shown for 2C4NBA. 
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Self-association in the solution for the studied compounds does not show any clear correlation 
with the crystal forms obtained in the crystallization, showing that the associates present in these 
solutions are not likely to act as the growth units, and do not directly determine the polymorphic 
outcome of the crystallization process. 
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Speciation of substituted benzoic acids in solution: evaluation of spectroscopic and 

computational methods for the identification of associates and their role in crystallization 
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Self-association of four benzoic acid derivatives in solvent was investigated using spectroscopic 

measurements and molecular simulation methods. In apolar solvents or solvents with low 

hydrogen bond acceptor propensity β the studied compounds form hydrogen-bonded dimers, 

while in solvents with β > 0.3 the studied compounds form hydrogen bonds with solvent and 

associates formed by aromatic interactions. 


