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ABSTRACT: Understanding molecular self-association in solution is
vital for uncovering polymorph-selective crystal nucleation pathways. In
this paper, we combine solution NMR spectroscopy and molecular
dynamics simulations to shed light on the structural and dynamical
features of p-aminobenzoic acid (pABA) in solution, and on their role in
pABA crystals nucleation. pABA is known to yield different crystal forms
(α, and β) depending on solvent choice and supersaturation conditions.
NMR reveals that dominant interactions stabilizing pABA oligomers are
markedly solvent-dependent: in organic solvents, hydrogen bonds
dominate, while water promotes π−π stacking. Despite this clear
preference, both types of interactions contribute to the variety of self-
associated species in all solvents considered. MD simulations support
this observation and show that pABA oligomers are short-lived and display a fluxional character, therefore indicating that the growth
unit involved in pABA crystallization is likely to be a single molecule. Nevertheless, we note that the interactions dominating in
pABA oligomers are indicative of the polymorph obtained from precipitation. In water, at low pABA concentrationsconditions
that are known to yield crystals of the β formcarboxylic−carboxylic hydrogen bonds are exclusively asymmetric. At higher pABA
concentration conditions in which the crystallization is known to yield the α forma small but statistically significant fraction of
symmetric carboxylic−carboxylic hydrogen-bonded dimers is present. We interpret the presence of these interactions in solvated
pABA oligomers as indicative of the fact that a simultaneous and complete desolvation of two carboxylic groups, necessary to form
the symmetric hydrogen-bonded dimer typical of the α crystal form, is accessible, therefore directing the nucleation pathway toward
the nucleation of α-pABA.

■ INTRODUCTION
Crystallization is by far the most popular separation and
purification method employed to produce a wide range of
materials in the chemical, food, and pharmaceutical industries.1

Nevertheless, the detailed mechanisms responsible for crystal
nucleation are still largely unclear.2,3 Alongside understanding
the properties of bulk crystalline phases, in order to advance
our understanding of crystal formation pathways, it is
important to rationalize the structure and dynamics of
processes taking place in the metastable phases where crystals
are born.
The self-association of solute molecules in complexes with

specific coordination stoichiometry, geometry, and solvation
structure plays a central role in determining nucleation
pathways, especially in polymorphic systemswhich can
crystallize in more than one phase.1−3

It is well-known that the outcome of crystallization in
polymorphic systems is affected by solvent choice, solute
concentration, temperature, pressure, etc.1,4,5 All these
variables affect the solute self-association and, in turn, impact
nucleation mechanisms at the molecular scale. It is precisely at
this scale that our knowledge of nucleation is still rather poor
due to the lack of methods that simultaneously provide

appropriate spatial and temporal resolution. Techniques that
have been successfully used to widen our understanding on
initial molecule self-association and nucleation include small/
wide-angle X-ray scattering (SAXS/WAXS),6−11 cryogenic
transmission electron microscopy (cryo-TEM),11−20 atomic
electron tomography (AET),21 nuclear magnetic resonance
(NMR),22−36 Fourier-transform infrared and ultraviolet
(FTIR/UV−vis)36−43 spectroscopy, and ever increasingly
molecular dynamics (MD) simulations.44−61 However, each
of these methods has its limitations, and in order to gain in-
depth knowledge on crystal nucleation, the combination of
several methods in the same framework is highly desirable.

pABA Polymorphs. pABA is known to exist in four
different polymorphic formsα, β, γ,62 and δ.63 Here we focus
on the nucleation of the two forms of pABA that can be
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produced at ambient conditions by varying the composition of
the mother phase, namely the α and β forms (Figure 1). Form

α is the most accessible polymorph, as it can be produced by
crystallizing from nearly all solvents and supersaturations.64

The β polymorph can only be consistently obtained by
crystallization from water or ethyl acetate under careful control
of supersaturation (≲1.35) and temperature or by solvent-
mediated phase transformation below the polymorph equili-
brium temperature of 14 °C.64−66 Interestingly, the temper-
ature does not affect crystallization outcome from water,
implying that crystallization of pABA does not follow
Ostwald’s rule of stages,67,68 and the crystalline phase obtained
is determined solely by supersaturation. Both forms seem to
have comparable stability, as no phase transformations
between α and β polymorph are observed over the 24 h
period in the temperature range 5−26 °C.67 This observation
indicates that the crystalline phase obtained in crystallization
experiments reflects the primary nucleation process, and it is
not a result of rapid transformation from a metastable phase
intermediate. Polymorphism of pABA has been recently
discussed in-depth by Cruz-Cabeza et al.69

pABA Solution Chemistry. While most of the studies
agree that pABA molecules in solution exist in some
aggregated form, there is no consensus on the characteristics
of the dominant self-associates. A seminal work by Gracin at
al.64 reached the conclusion that pABA solutions have a
tendency to form hydrogen-bonded carboxylic dimers, especially
in solvents of lower polarity. The findings of follow-up
studies65 expanded on this idea, implying that the pre-existence
of dimers in solution facilitates the formation of the dimer-
based α form. An extensive, multitechnique study by Toroz et
al.10 on pABA nucleation from ethanol solution also reported
that the dominant species in solution are hydrogen-bonded
carboxylic dimers.
On the other hand, solid-state and solution FTIR studies of

saturated solutions of pABA in acetonitrile, 2-propanol, and
ethyl acetate42 led to the conclusion that pABA molecules exist
mostly as monomers (with a small fraction of weakly self-
associated pABA molecules), and solution composition does
not change with concentration. These findings suggest that the
growth of α form nuclei mostly occurs through π−π stacking
(in the [010] direction), whereas the rate-limiting step in
crystal growth is desolvation of the carboxylic acid groups.
Studies of structurally related benzoic acid in methanol

solution70 indicated that solute−solute interactions are
dominated by a combination of π−π stacking ( face-to-face, T-
shaped) and carboxylic−aromatic proton interactions. The
existence of cyclic hydrogen-bonded dimer as a major feature

in methanol solution was rejected, and it was hypothesized that
any solute−solute hydrogen-bonded interactions in methanol
are closer in concept to a catemeric motif than a dimer.
Subsequent nucleation induction time studies71 in various
benzoic acid solutions support the idea that crystal nucleation
rate is determined by the rate of cluster growth, which in turn
is controlled by the attachment of molecules to the nucleus via
aromatic stacking.
Recently, Cruz-Cabeza et al.72 explored the possible β pABA

nucleation pathways using CSD data mining, crystal structure
prediction, and targeted crystallizations; however, no convinc-
ing evidence for any form of self-associates, involving solute
and/or solvent, that might be considered as a transition state in
the nucleation of β pABA was reached. Their studies led to the
conclusion that β pABA nucleation from water at low
supersaturation is a result of local nucleation and growth
dead zone, created by unusually high pABA/water interfacial
tension, where α clusters cannot grow, thus giving time for a β
form to appear.
With this work, we contribute to the debate on pABA

crystallization by developing a dynamical description of pABA
self-associates speciation in solution. To this aim, we combine
NMR spectroscopy and molecular dynamics (MD) simulations
in explicit solvent, two techniques that allow us to directly
draw information on the structure of the liquid phase at finite
temperature conditions. While NMR provides experimental
evidence of the nature of pABA−pABA intermolecular
interactions dominating in the liquid phase, MD enables one
to determine the finite-temperature equilibrium distribution of
self-associates, their abundance relative to monomers, and their
characteristic lifetime. These approaches provide a rationale for
the polymorph-selective role played by solvent and super-
saturation in the crystallization of pABA.

■ RESULTS AND DISCUSSION
We studied pABA self-association in 3 different solvents
water, ethanol, and acetone. Water was selected due to its
ability to facilitate nucleation of the reluctant β form at low
supersaturation, whereas ethanol and acetone were selected as
examples of solvents that lead to the precipitation of α form
crystals. While NMR can be used to gain information on solute
self-association in solution, it does not provide any direct
information on their molecular arrangement. NMR spectros-
copy was used to gain indirect information on the structure of
aggregates by comparing pABA with tailored reference
systems. NMR studies were complemented by MD simulations
in which the equilibrium population of self-associated
aggregates was quantitatively characterized.

NMR Experiments. It is generally recognized that the
fraction of self-associated molecules in solution is affected by
solution concentration. Higher concentrations induce the
formation of self-associated adducts including dimers, trimers,
and larger aggregates. The formation of self-associates changes
the local electromagnetic environment of the nuclei that are
involved in the interactions responsible for their stabilization
or are in close proximity to those involved, therefore enabling a
systematic study of self-association using NMR spectroscopy.
Changes in the NMR chemical shifts as a function of solution
concentration have been used in numerous stud-
ies22,23,31,32,34−36,73 to characterize solute self-association in
solution. In most cases, the hydrogen bonding induced by an
increase in solute concentration leads to a displacement of the
1H chemical shift to lower fields due to proton deshielding.

Figure 1. Crystal packing motifs in p-aminobenzoic acid α and β
forms. Hydrogen bonds are indicated with orange dashed lines.
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Involvement in hydrogen bonding weakens covalent bonds
involving hydrogen, leading to an increase in the average bond
length, and hence to a decrease in the characteristic bond
stretching frequency. The carboxylic and amino group protons
take part in the proton exchange with the deuterium atoms of
the solvent used in NMR experiments. As a result these
protons are not “visible” in the NMR spectrum. Nevertheless,
the 13C NMR spectroscopy is not affected by proton exchange,
and therefore, it can be used as an indicator of the interactions
involving the carboxylic group. Due to this reason, we chose
the 13C NMR spectroscopy for our studies.
To determine experimentally whether the π−π stacking or

hydrogen bonding dominates in pABA complexes formed in
water, ethanol, and acetone solutions, we studied reference
systems that allow decoupling the contribution of these
interactions to chemical shifts. Information about the
dominant interactions in pABA solutions was then determined
by comparing NMR chemical shift changes upon dilution
between pABA and reference systems tailored to highlight the
effect of specific moieties. Molecules of similar size and
structure to pABA were selected as reference systems (Figure
2).

Cyclohexane carboxylic acid (CHCA) was chosen as a
reference for carboxylic−carboxylic hydrogen bonding, where-
as the impact of π−π stacking on associates formation was
evaluated by examining trends associated with the dilution of
toluene (TOL) and (dimethoxymethyl)benzene (DMMB)
solutions. Finally, p-aminocyclohexane carboxylic acid (pACH-
CA), which exists in zwitterionic form at neutral pH in the
solvents studied, allowed us to probe the hydrogen bonding
between the carboxylic and amino moieties.
The concentration range studied was from 1 mol L−1 to 10

μmol L−1. Such a concentration range was selected to cover the
widest concentration region possible by performing the
measurements within reasonable time frame. For systems
where the desired upper concentration of 1 mol L−1 could not
be achieved due to poor solubility, the range up to saturation
concentration was covered.
Ethanol and Acetone Solutions. The 13C NMR data

indicate that hydrogen bonding dominates in pABA ethanol

and acetone solutions. Increasing concentration displaces the
13C chemical shift of the pABA carboxylic group carbon (C1,
see Figure 2) toward lower fields, just like in the hydrogen
bonding reference system CHCA (see Figure 3). The
deshielding of the carboxylic group C1 with increasing
concentration implies that electrons are withdrawn from the
carboxylic group. The most likely cause for this effect is the
involvement in carboxylic hydrogen bonding (Figure 2). The
carbon right next to the carboxylic group (C2) also exhibits
noticeable changes in the 13C chemical shift upon concen-
tration changes. C2 shielding increases with concentration due
to electrons being drawn toward the carboxylic group upon
hydrogen bonding. This effect is particularly pronounced in
conjugated electron systems where the carboxylic group is right
next to an aromatic system. This explains why there is rather
minor C2 13C chemical shift displacement in CHCA, while in
pABA C2 13C chemical shift displacement toward stronger
fields reaches ∼0.5 ppm in acetone.
While qualitative 13C chemical shift displacement patterns

match for both organic solvents, several differences can be
noticed. The 13C chemical shift displacement for the C1 and
C2 atoms in acetone is up to 1 order of magnitude larger than
in ethanol. This could indicate either that the fraction of
hydrogen-bonded pABA molecules in acetone is higher than in
ethanol or, more likely, that the chemical shift displacement
effect is more pronounced in acetone. For instance, in acetone,
there are no labile protons that could interact with the
carbonyl group of pABA, whereas the hydroxyl group in
ethanol can form hydrogen bonds with the carboxylic group of
pABA, therefore providing additional shielding for the C1 and
C2 atoms. This additional shielding/deshielding effect is
expected to be more pronounced upon dilution and is
considered to account for the order-of-magnitude difference
in 13C chemical shift displacement. Similar differences between
ethanol and acetone are observed in the chemical shift
displacement profile for the carbon right next to the amino
group (C5). This trend indicates that in ethanol the amino
group becomes increasingly shielded with concentration, as the
nitrogen-free electron pair interacts with the labile proton of
ethanol. In contrast, in acetone, no additional shielding is
observed. The 13C chemical shift changes for the rest of the
aromatic carbons are rather minor, indicating that local
environment for these carbons is affected only slightly, as
expected in carboxylic hydrogen-bonded dimers. The observed
preference for the hydrogen bonding in acetone and ethanol is
consistent with previous studies,42 indicating that aprotic and
weak hydrogen bond donor/acceptor solvents favor the
formation of carboxylic dimers.
The 13C chemical shift displacements in the π−π stacking

reference systems TOL and DMMB showed completely
different patterns. In both references, chemical shifts for all
carbon atoms are displaced toward higher fields as
concentration increases. This pattern can be interpreted as
the result of stacked π−π electron systems providing additional
shielding in the magnetic field due to the magnetic anisotropy
of aromatic systems. It was not possible to record NMR
spectra for pACHCA in organic solvents within a reasonable
time due to poor solubility (pACHCA exists mostly in its
zwitterionic form, that is insoluble in most organic solvents).
Given these observations, while it cannot be excluded that

π−π stacking contributes to the self-association in organic
solvents, it is safe to conclude that in these systems carboxylic−
carboxylic hydrogen bonding is dominant. The data obtained

Figure 2. Top: Molecular structures of p-aminobenzoic acid (pABA)
and reference compounds with respective abbreviations used in this
study. Atom numbering scheme is indicated for pABA and was the
same for all the reference compounds. Bottom: Expected changes in
atom partial charges upon self-association.
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do not provide direct information on the structure of the H-
bonded self-associates, and thus they cannot provide a
distinction between symmetric hydrogen-bonded dimers or
larger hydrogen-bonded associates (trimers, tetramers, cat-
emers, etc.).
Water Solution. The pABA 13C chemical shift displace-

ment pattern in water is considerably different than in ethanol
and acetone solutions. The carboxylic carbon C1 13C chemical
shift is displaced to higher fields with increasing concen-
trations, indicating an increased shielding upon self-association.
The most likely reason for such an observation would be π−π
stacking. Unfortunately, the 13C chemical shift displacement
pattern for both π−π stacking reference systems in water could
not be recorded due to poor TOL solubility and DMMB
hydrolysis. Nevertheless, the comparison against π−π reference
systems in organic solvents partially supports this assumption.
In Figure 3, it can be seen that chemical shift displacement
patterns for C1 and C2 atoms in pABA follow the pattern
traced by the analogous atoms in the π−π reference systems in
organic solvents. A difference in the concentration dependence
of the chemical shifts between aromatic C4 and C6, and to a
lesser extent C3 and C7, is observed, as these atoms are
deshielded upon concentration increase. The data available do
not provide a clear explanation about the 13C chemical shift
displacement pattern for these aromatic nuclei. Nevertheless,
the existence of a pABA carboxylic−carboxylic hydrogen-
bonded dimer as a dominant species in water results to be

extremely unlikely, since in the carboxylic−carboxylic hydro-
gen bonding reference system CHCA all chemical shifts are
displaced to lower fields with a concentration increase. The
existence of carboxylic−amino hydrogen bonding seems to be
more plausible. The carboxylic carbon C1 chemical shift
displacement pattern in pABA follows the same pattern as C1
in pACHCA; however, the chemical shift displacement for the
C5 right next to the amino group is completely different. In
pACHCA, C5 becomes deshielded upon concentration
increase, as expected upon hydrogen bonding, whereas in the
pABA water solution the opposite trend is observed. However,
here we need to keep in mind that due to the pABA
conjugated electron system, electron withdrawal from the
amino group upon hydrogen bonding should increase electron
density on the C5. Besides, the amino group in pABA and
nonzwitterionic pACHCA can act as hydrogen bond donor or
acceptor, and it is not excluded that the preference for either
hydrogen bond donating and accepting properties changes
from one system to another, thus impacting the C5 chemical
shift displacement pattern.
Overall, the 13C chemical shift displacement pattern in

pABA water solution suggests that, rather than being
dominated by carboxylic−carboxylic hydrogen bonding, self-
association in water solution is characterized by multiple
interacting motifs. Within this picture, π−π stacking and
carboxylic−amino group hydrogen bonding emerge as the
most prominent interactions.

Figure 3. pABA and reference system 13C chemical shift changes (Δδ with respect to the most concentrated solution) as a function of water,
acetone, and ethanol solution concentrations. Lines for C1 and C2 chemical shift changes are added as a guide for the eye.
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MD Simulations. While the NMR data on both pABA and
reference systems provided information on the most likely
interactions stabilizing pABA self-associates in solution,
detailed information on the self-association process at a
molecular scale was obtained from MD simulations. By
implicitly including entropic, solvent, and dynamical effects,
MD simulations complement the wealth of information based

on static calculations extensively reported in the litera-
ture.10,65,68,71,72,74−80 Solution concentrations for MD studies
were selected to correspond to supersaturation values (ss) 0.8,
1.1 and 1.5, where ss0.8 was selected as a representative
example of under-saturated solutions, ss1.1, as a system that in
water would lead to crystallization of the β form, and ss1.5, as a
system that would lead to crystallization of α form in all

Figure 4. (A) Probability for the pABA molecule to be part of the self-associate of a specific size. (B) Energetic penalty associated with the
formation of the self-associate of a specific size. An example of pABA molecule relative position in self-associated aggregates in water (C) and
acetone (D) solutions. 100 randomly selected pABA dimers are shown; one pABA molecule of the dimer is superimposed (thick sticks). (E) Free
energy profile of self-associated pABA dimers in water solution ss1.1 as a function of intermolecular pABA distance and relative orientation. Red
dashed line represents intermolecular distance in face-to-faceππ stacked dimers. A red circle indicates location of α form dimer on the FES; blue
shows the β form.

Table 1. Fraction of pABA Molecules Involved in π−π Stacked and Hydrogen-Bonded Aggregate Formation, Lifetime of
These Aggregates, and Distribution into Specific Aggregate Subtypes

π−π stacked aggregates hydrogen-bonded aggregates

fraction of all π−π stacking interactions fraction of all hydrogen bonding interactions

solvent ss
fraction
from total

lifetime,
ps

face-to-
face T-shaped of fset intermediate

fraction
from total

lifetme,
ps

COOH−COOH
(symmetric) COOH−NH2 NH2−NH2

water 0.8 5.9 87.9 1.78 16.5 61.6 20.2 0.73 27.4 31.1 (0) 55.9 13.0
1.1 8.0 80.5 1.74 18.2 56.6 23.5 0.92 27.3 27.8 (0) 58.6 13.5
1.5 13.8 80.9 1.82 18.1 57.7 22.4 1.64 28.2 27.0 (0) 57.2 15.8
2.0 17.0 81.2 1.70 18.0 58.4 21.9 1.96 30.1 25.7 (1.2) 60.1 14.2
3.0 24.4 77.7 1.76 18.9 56.8 22.5 3.41 31.5 28.1 (1.7) 58.3 13.7

ethanol 0.8 16.8 46.9 0.51 49.1 25.9 24.5 46.1 81.6 45.3 (14.1) 44.6 10.1
1.1 21.1 49.7 0.51 48.7 26.2 24.5 55.7 84.4 45.8 (13.0) 44.5 9.8
1.5 35.6 55.5 0.51 48.0 26.9 24.6 86.4 91.5 44.1 (12.5) 45.5 10.3

acetone 0.8 6.1 32.4 0.19 65.8 12.6 21.5 35.1 92.6 50.9 (22.5) 44.4 4.7
1.1 7.9 33.2 0.21 65.6 12.7 21.5 44.0 92.6 50.5 (21.5) 44.5 5.0
1.5 14.2 36.1 0.21 64.5 13.7 21.6 67.9 93.5 48.2 (20.0) 46.1 5.7
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solvents. Since the solubility of pABA in water is low,
additional simulations at supersaturation 2.0 and 3.0 were
performed in water, to ensure that self-association differences
at low and high concentration are not missed due to small
differences in the system composition. MD simulations of all
the reference systems were also performed and analyzed
according to the same protocols applied to pABA. The results
emerging from MD simulations of reference systems confirm
the expectations in term of relative abundance of specific
interaction motifs. Detailed results for the reference systems
are reported and commented on in the Supporting
Information.
Water Solution. MD simulations of undersaturated and

supersaturated pABA water solutions revealed that sponta-
neous pABA molecule self-association occurs in all systems.
Nevertheless, the majority of pABA molecules in water
solution were in the monomeric state (Figure 4A). The
dominant aggregate species in water is the dimer, with a
fraction of ∼7% of pABA molecules self-associated in
undersaturated conditions (ss0.8), up to ∼28% in highly
supersaturated conditions (ss3.0, see Table 1). The energetic
penalty for pABA dimer formation was 2.9 kJ mol−1 for
undersaturated system ss0.8, down to 1.6 kJ mol−1 for
supersaturated system ss3.0 (Figure 4B). Occasionally, pABA
trimers and tetramers were also observed. As expected, the
fraction of self-associated molecules as well as the fraction of
larger self-associated complexes increases with concentration.
An analysis of the free energy surface (FES) as a function of

distance and angle between self-associated pABA molecules,
reported in Figure 4E, reveals that there are two types of
aggregates in aqueous solution with one of them noticeably
favored. The global energy minimum at a pABA−pABA
intermolecular distance ∼4 Å corresponds to π−π stacked
dimers, and accounts for the coordination geometry of ∼90%
of all the self-associated pABA in aqueous solution. The
shallow, wide local minimum at a distance of ∼10 Å
corresponds to pABA−pABA hydrogen-bonded associates.
Aromatic Interactions. The dominant type of aromatic

interaction in water solution was of fset π−π stacked dimer
(∼57%), which is believed to be the energetically most
favored.81,82 The fraction of T-shaped dimers in the solution
was ∼18%, whereas face-to-face π−π stacked dimers accounted
only for ∼1.8% of all stacked dimers. The rest of the aromatic
stacked dimers are arranged into intermediate82 stacked
structures (Table 1). The analysis reveals a minor preference
for head-to-head and head-to-tail pABA relative orientations in
face-to-face and of fset ππ stacked dimers (Figure 5, top);
nevertheless, the relative position and orientation of stacked
pABA molecules was still rather stochastic (see Figure 4, parts
C and D). In T-shaped dimers there was a distinct preference
for both molecule vectors to be in parallel planes (Figure 5,
bottom), and no phenyl ring interactions with either amino or
carboxylic group were observed. Despite concentrations
leading role in determining the total fraction of pABA
molecules involved in aggregate formation, the relative
probability of different pABA complexes was maintained
across all concentrations studied. The lifetime of π−π stacked
pABA aggregates follows an exponential distribution with
mean characteristic time of ∼80 ps (additional details on the
calculation of the aggregates lifetime is discussed in the
Supporting Information).
Hydrogen Bonding. The probability for pABA molecules

to be hydrogen-bonded to other pABA molecule was found to

range between 0.7% and 3.4% in water solutions (Table 1).
Carboxylic−amino group hydrogen bonding was the preferred
polar interaction recorded in aqueous solution, with ∼50% of
all hydrogen-bonded dimers in which the amino group was the
hydrogen bond donor and ∼7% of hydrogen bonds where the
amino group was the hydrogen bond acceptor.
Hydrogen bonding between two amino groups accounted

for ∼15% of all polar interactions. Carboxylic−carboxylic
pABA hydrogen bonding, traditionally considered the
dominant interaction in solution, accounted on average for
∼28% of all pABA−pABA hydrogen-bonded complexes. The
relative probability of different hydrogen bonding types
emerged as independent of concentration, with the notable
exception of the relative proportion between symmetric and
asymmetric carboxylic−carboxylic hydrogen bonds. In lower
supersaturations (up to ss1.5) carboxylic−carboxylic hydrogen
bonds were exclusively asymmetric, whereas, upon concen-
tration increase, symmetric carboxylic−carboxylic hydrogen-
bonded dimers were observed, accounting for up to 1.7% of all
carboxylic−carboxylic dimers in highly supersaturated water
solutions ss3.0. From the analysis of the equilibrium
distribution of self-associated species, it emerges that the
experimentally known dependence of the polymorphic out-
come of pABA crystallization from aqueous solutions
correlates with the observation of an increase in symmetrical
carboxyl−carboxyl hydrogen-bonded dimers. For instance, the
low supersaturation region where only asymmetric hydrogen-
bonded dimers are observed corresponds to conditions known
to lead the system toward the nucleation and growth of the β

Figure 5. Top: Probability distribution of pABA molecule relative
orientation in face-to-face and of fset π−π stacked dimers. Bottom:
Probability distribution of pABA molecule relative orientation in T-
shaped π−π dimers. pABA dimer examples with their location
indicated on the probability curves are given on the left.
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form. The high supersaturation conditions where we begin to
record statistically significant concentrations of symmetric
carboxylic−carboxylic hydrogen-bonded dimers instead corre-
spond to conditions known to lead to the α form, which
contains the centrosymmetric dimer as characteristic con-
stitutive building unit.
Ethanol and Acetone Solution. Molecular aggregates in

ethanol and acetone showed larger diversity in size than in
water solutions; nevertheless, the dominant self-associated
species remained the dimer. The overall fraction of self-
associated pABA molecules in acetone was found in a range
from ∼40% in undersaturated system ss0.8 up to ∼80% in
supersaturated system ss1.5. The fraction of self-associated
pABA molecules were even higher in ethanol solution and
varied from ∼50% to nearly 100%, respectively. It is worth
noting that pABA solubility in organic solvents is more than 20
times higher than that in water. Therefore, the considerably
larger fraction of self-associated molecules observed is likely
due to the higher density of pABA molecules found in ethanol
and acetone compared to water in similar saturation
conditions. Nevertheless, the spontaneous formation of large,
dense pABA aggregates that might be considered as crystal
nuclei were not observed in ethanol and acetone even in
supersaturated system ss1.5, indicating that the nucleation time
scale extends well beyond the time scale of the simulations
performed in this study.
The free energy surface as a function of distance and angle

between self-associated pABA molecules exhibits two basins
(Figure 6). The most populated one is at pABA intermolecular
distance ∼10 Å and the intermolecular angle between π/2 and

π. This basin corresponds to pABA hydrogen-bonded dimers,
where molecules with a relative intermolecular angle close to
π/2 form a carboxylic−amino hydrogen bond. Whereas at
values of the intermolecular angle equal to π-carboxylic−
carboxylic or amino−amino hydrogen bonds are represented.
The second basin covers intermolecular distances between 7
and 8 Å, has a lower angular preference, and corresponds to
mostly T-shaped π−π stacked aggregates.

Aromatic Interactions. The fraction of π−π stacked
pABA molecules in acetone was similar to that in water,
whereas in ethanol π−π stacked pABA aggregates were about
twice as common (Table 1). There were no noticeable
differences in stacked pABA aggregate arrangement from
solvent to solvent, and molecule relative orientation in stacked
pABA aggregates was the same as in water. The ratio of various
stacking types, however, changed significantly. In both organic
solvents T-shaped stacking was preferred, with 65% of pABA
molecules involved in this kind of interaction in acetone and
∼50% in ethanol. The fraction of T-shaped aggregates
increased mostly at the expense of of fset π−π stacked dimers.
These substantial differences in the stacked aggregate ratio are
the reason π−π aggregate basin in the distance-angle FES
(Figure 6) had noticeably different shape than in water, and
average distance in π−π stacked aggregates was slightly larger.
The average lifetime of the π−π stacked aggregates in

organic solvents was slightly shorter than that in water: ∼50 ps
in ethanol and ∼33 ps in acetone.

Hydrogen Bonding. As mentioned earlier, the probability
of encountering hydrogen-bonded pABA aggregates in organic
solvents is several orders of magnitude higher than that in
water (Table 1). Just like with π−π stacking, hydrogen
bonding increases noticeably with an increase in solution
concentration. The fraction of pABA molecules involved in
hydrogen bonding ranged from 35% in undersaturated acetone
ss0.8, up to 68% in supersaturated acetone ss1.5. In ethanol, the
fraction of hydrogen-bonded molecules ranged from 46.1% to
86.4%, moving from undersaturated to supersaturated
solutions. The fact that, compared to water, hydrogen bonding
in acetone and ethanol is considerably more favorable is
consistent with the assumption that hydrogen bonding affects
self-association by solvating the carboxylic and amino groups,
thus disrupting pABA hydrogen-bonded self-associates.
The preferred hydrogen-bonded pABA aggregate in acetone

solution was the carboxylic−carboxylic dimer, accounting for
∼50% of all hydrogen-bonded aggregates. In ethanol instead,
carboxylic−amino and carboxylic−carboxylic hydrogen bond-
ing were equally favored (∼45% each). The fraction of amino−
amino hydrogen bonding did not display a marked change,
moving from ∼5% in acetone to ∼10% in ethanol. The relative
importance of different hydrogen-bonded aggregate types did
not display a marked dependence on solution concentration.
The expected pABA building blocki.e. the symmetric
carboxylic−carboxylic hydrogen-bonded pABA dimerwas
observed in organic solvent solutions, accounting for ∼20% of
all carboxylic−carboxylic pABA dimers in acetone and ∼13%
in ethanol.
This observation is coherent with the assumption that

solvents able to hydrogen bond the pABA polar moieties
inhibit the formation of pABA H-bonded dimers. We find that
this effect impacts significantly the relative abundance of
symmetric H-bonded dimers, which in order to be assembled
in solution require the simultaneous desolvation of the
carboxylic groups of two nearby pABA molecules. Therefore,

Figure 6. Top: Free energy profile of self-associated pABA dimers in
acetone solution ss1.1 as a function of intermolecular pABA distance
and relative orientation. Red dashed line represents intermolecular
distance in face-to-face π−π stacked dimers. Red circle indicates
location of α form dimer on the FES; blue indicates the β form.
Bottom: representative pABA dimers from MD simulations with their
location indicated on the FES.
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the formation of symmetric H-bonded dimers in hydrogen-
bonding solvent is very unlikely, while in aprotic solvents the
probability of observing this type of self-association is
significantly higher. The fraction of symmetric pABA dimers
did no change with solution concentration. Finally the lifetime
of hydrogen-bonded dimers was considerably longer in organic
solvents with respect to water, and it did not display a marked
dependence on solution concentration.
The lifetime of hydrogen-bonded dimers was considerably

longer in organic solvents and did not change with solution
concentration. On average, pABA intermolecular hydrogen

bonds in water lasted for ∼28 ps, whereas in ethanol and
acetone, the lifetimes of hydrogen bonded dimers were ∼85 ps
and ∼93 ps, respectively.

Aggregates Lifetime. An analysis of the aggregates
average lifetime across all solvent considered shows that all
the complex species identified as statistically relevant in
aqueous solution possess a fluxional character, reversibly
assembling, disassembling, and changing the internal structure
very rapidly. In aqueous solution, the average lifetime of π−π
stacked dimers is shorter than 100 ps, while hydrogen-bonded
complexes reach up to 30 ps at the highest concentrations

Figure 7. Schematic summary of pABA molecule distribution in various self-associate species depending on the solvent used. The top part of the
figure shows the probability of pABA molecule to be part of self-associated aggregates of a specific size at various concentrations and solvents. The
dominant pABA species in all systems studied is a monomer, whereas the most abundant pABA aggregate is a dimer. The central panel of the figure
reports the ratio of various self-associate types in the solvents studied. The outer stacked bar graph displays the relative probability of pABA
molecules involved in π−π stacked (cyan) and hydrogen-bonded (red) self-associates. The inner bar graph provides a further breakdown of each
π−π stacked and hydrogen-bonded dimer motif. The average probability of acetone and ethanol systems are shown. Illustration of each self-
associate motif is given in the central section of the figure. The fraction of symmetric carboxylic dimers in water (blue in bar graphs) was found to
be dependent on concentration. Carboxylic−carboxylic dimers were exclusively asymmetric at low concentrations (ss1.1), known to yield the β
form. At higher concentrations instead (ss3.0), where the α form is produced, symmetric carboxylic−carboxylic dimers were observed with a low,
but statistically significant, probability.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c01257
Cryst. Growth Des. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.cgd.0c01257?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01257?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01257?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01257?fig=fig7&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01257?ref=pdf


considered in this study. In the organic solvents considered in
this study, hydrogen-bonded self-associates are longer lived
than those stabilized by aromatic stacking. Aggregate lifetimes
on the same order of magnitude were also noted for reference
compounds (see Supporting Information).
This observation strongly suggests that the dominant growth

unit of pABA crystals is not a self-associated pABA complex
but rather a monomer. This interpretation of our results
supports the view emerging from the work of Cruz-Cabeza et
al.71 that identifies in the stability of monomers aromatic
stacking an important factor correlating with nucleation rates
across a range of systems and solvents.

■ DISCUSSION AND CONCLUSIONS
In this work by combining NMR spectroscopy and MD
calculations, we demonstrate that pABA self-association is not
only solvent-dependent but also remarkably dynamical. NMR
experiments provide a clear indication that different
intermolecular interactions drive self-association in different
solvents. This observation is confirmed in MD simulations,
which provide a wealth of details regarding the diversity of the
configurational ensemble of pABA self-associates.
MD simulations indicate that while monomers are the most

common species in all solutions, self-associates can be found in
all solutions studied. For instance, the fraction of self-
associated pABA molecules in water ranges from 7% in
undersaturated solution (ss0.8) up to ∼28% in highly
supersaturated solutions (ss3.0), whereas in acetone and
ethanol nearly half of the pABA molecules are involved in
some kind of self-association even in undersaturated solutions
(Figure 7). As indicated by both NMR and MD, the dominant
pABA self-associates in acetone and ethanol are stabilized by
hydrogen-bonding, whereas in water the π−π stacking
dominates. These results support the consolidated view that
solvents with low polarity and weak hydrogen-bonding
character favor the formation of pABA−pABA hydrogen-
bonded dimers. Polar solvents that are good hydrogen bond
donors instead can efficiently solvate carboxylic groups, thus
limiting the formation of pABA hydrogen-bonded
dimers.64,65,70

In all cases, self-associates establish a dynamic equilibrium
with monomers in solution, characterized by rapid exchanges
of monomers that take place on a time scale of the order of 100
ps.
The structural diversity and short lifetime of self-associates

suggest that the growth unit determining the assembly of
pABA crystals in solution is likely to be a monomer rather than
a dimer preassembled, in a specific configuration. This
observation is consistent with the fact that the kinetics of
nucleation and growth of α pABA crystals are primarily
controlled by aromatic stacking.68,71

Despite dominant interactions vary between different
solutions. In all cases, self-associates populate a diverse
ensemble of configurations which includes both π−π stacking
and H-bonding motifs. H-bonded dimers are therefore
consistently found also in aqueous solutions, even if at much
lower concentrations than in organic solvents, and predom-
inantly involved in asymmetric, single H-bond dimers.
For instance, in highly supersaturated water solutions the

equilibrium probability of finding symmetric carboxylic−
carboxylic hydrogen-bonded dimers is 1 order of magnitude
lower than the probability of observing asymmetric H-bonded
dimers, while at low supersaturation (<1.5) the symmetric

carboxylic−carboxylic hydrogen-bond motif becomes com-
pletely inaccessible. This result is consistent with neutron
scattering data70 of the structurally similar benzoic acid in
methanol, which suggested that besides π−π stacking and weak
carboxylic−aromatic proton interactions, benzoic acid mole-
cules exist in mostly asymmetric hydrogen-bonded motifs
rather than as symmetric carboxyl−carboxyl hydrogen-bonded
complexes.
In light of these observations, we interpret the presence of

symmetric H-bonded carboxylic dimers as indicative of the fact
that the simultaneous desolvation of two carboxylic groups is
statistically accessible. In such conditions pABA crystallization
leads to the α form. Conversely, the β form is favored in
solutions where strong solvation of carboxylic moieties
completely suppresses the formation of symmetric H-bonded
motifs.
To conclude, this work reconciles several observations on

pABA solutions and shows that including dynamics and finite-
temperature effects in the description of the solution structure
is key to understand how solution composition affects
polymorph selection.

■ METHODS
NMR Spectroscopy. 1H and 13C NMR spectra of p-aminobenzoic

acid, cyclohexane carboxylic acid, toluene, (dimethoxymethyl)-
benzene and p-aminocyclohexane carboxylic acid in deuterium
oxide, ethanol-d6 and acetone-d6 were recorded at 298 K on a 600
MHz Bruker Avance Neo spectrometer equipped with a QCI
quadruple-resonance pulsed-field-gradient cryoprobe. Solute concen-
trations ranged from 1 mol L−1 to 10 μmol L−1. For systems where
the desired maximum concentration of 1 mol L−1 cannot be achieved
due to poor solubility, the range up to saturation concentration was
covered. The most concentrated solution in each solvent was
prepared directly, while the rest of the solutions were prepared by
subsequent dilution. An analytical balance (±0.1 mg) and micro-
pipettes (±0.1 μL) were used for solution preparation. NMR spectra
of solutions were recorded right after solution preparation. Acetone-d6
or methanol-d4 was used as an external reference (in 3 mm NMR tube
that was inserted in the sample tube) for chemical shift displacement
calculation. The spectra were processed using Bruker Topspin 4.0.8.

NMR Experimental Parameters. 13C NMR spectra were acquired
using the following parameters: pulse width 3.67 μs (30°), 236.72
ppm spectral width, 0.92 s acquisition time, 32−16384 scans
depending on the compound concentration, 2 s recycle delay, and
65536 acquired total data points.

MD Calculations. Forcefield. Forcefields for p-aminobenzoic acid;
NMR reference compounds, cyclohexane carboxylic acid, toluene,
(dimethoxymethyl)benzene, and p-aminocyclohexane carboxylic acid;
and solvents used, ethanol and acetone, were based on the general
AMBER force field (GAFF) and were generated using amber-
tools.83−85 The quality of the derived forcefield parameters were
evaluated by comparing the calculated densities and enthalpy of
vaporisation to experimentally determined values. Water was
described by the TIP3P model.

MD Simulation. Unbiased MD simulations were performed for
pABA and the NMR reference compounds in water, ethanol, and
acetone at various concentrations. pABA systems were prepared at
solution concentrations that correspond to supersaturations 0.8, 1.1,
and 1.5. For the pABA water system, additional simulations were
performed at supersaturations 2.0 and 3.0. Systems with desired solute
concentrations were prepared by inserting an appropriate amount of
solute molecules in a 10 × 10 × 10 nm box and then by filling the box
with the respective solvent. NMR reference compound systems were
prepared at a concentration that corresponds to the higher
concentrations used in NMR experiments1 mol L−1, unless
solubility was lowerthen saturated solution was prepared. Since
solubility for several reference systems was poor, and in some cases, it
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would require only one solute molecule in a simulation box of
comparable size to those used to study pABA water system, was used.
In these cases, 30 solute molecules were placed in 10 × 10 × 10 nm
simulation box.
The prepared systems were relaxed through an energy

minimization, performed using the steepest descent algorithm with
a tolerance of 100 kJ mol−1 nm−1. After minimization, all systems were
equilibrated in the NVT and then NPT ensembles for 5 ns. The MD
(leapfrog) integration scheme with an integration time step of 2 fs was
employed for equilibration and production runs. The particle mesh
Ewald (PME) approach was used to calculate long-range electrostatic
interactions, with a cutoff of 0.8 nm. Both Lennard-Jones and
Coulomb interactions were explicitly calculated up to 0.8 nm. The
LINCS algorithm86 was applied at each step to preserve the hydrogen
bond lengths. NPT equilibration was performed employing a
Berendsen barostat87 with a coupling constant of 2 ps and reference
pressure 1.0 bar. Velocity-rescale thermostat88 with a coupling
constant of 2 ps and reference temperature 298.0 K was used for
equilibration and production simulations. The production runs were
performed in the NPT ensemble for 100 ns. System coordinates were
saved every 10 ps and a total of 10000 frames were generated for
further analysis. The potential energy minimization and MD
simulations were carried out with the software package Gromacs
2018.2,89,90 applying periodic boundary conditions.
Trajectory Analysis. Trajectory analysis was performed using

Plumed 2.559,91 and in-house python scripts. Solute molecule π−π
stacking was identified by checking the distance between benzene ring
centers, and angles between adjacent molecules (Figure 8 left).

Hydrogen bonding was identified by checking the distance between
proton donor and acceptor atoms, and by computing the angle
between the vector that is defined from the hydrogen bond donor to
the proton and the vector defined between the proton and the
hydrogen bond acceptor (Figure 8 right). Parameters82,92 used for
self-associate recognition are summarized in Table 2. Symmetric
carboxylic−carboxylic hydrogen-bonded dimers were identified by

checking whether both carboxylic group oxygen atoms are involved in
hydrogen bonding with each other. The free energy profiles F(S) were
calculated as F(S) = −kBT ln p(S), where kB is the Boltzmann’s
constant, T is the temperature, and p(S) is the probability density
function of S, a descriptor of the state of the system.
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Figure 8. Graphical representation of vectors, distances and angles
used in self-associate recognition and characterization. Left: in the
case of π−π stacking (black, molecule vector; blue, normal to the
benzene ring plane; orange dashed line, distance between molecule
centers). Right: in the case of hydrogen bonding (black, vector from
hydrogen bond donor heteroatom to proton; blue, vector from proton
to hydrogen bond accepting heteroatom; orange dashed line, distance
between two hetero atoms involved in hydrogen bonding).

Table 2. Distance and Angle Values Used in Self-associate Recognition and Characterizationa

d, Å γ, rad θ, rad δ, rad

π−π stacking
none >6.0 − <π/6 (30°) <π/6 (30°)
T-shaped ≤5.6 >5π/18 (50°) − −
face-to-face ≤5.6 <π/6 (30°) >4π/9 (80°) −
of fset ≤5.6 <π/6 (30°) <4π/9 (80°) −
intermediate ≤5.6 >π/6 (30°) − −

hydrogen bonding
hydrogen bond ≤3.2 >18π/25 (130°)

aDepiction of parameters is available in Figure 8.
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