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Abstract In this paper droplet evaporative crystallization of
salicylic acid (SA) and acetylsalicylic acid (ASA) crystals on
different surfaces, such as glass, polyvinyl alcohol (PVA), and
paraffin was studied. The obtained crystals were analyzed
using powder X-ray diffraction (PXRD) technique. In order
to better understand the effect of the surface on evaporative
crystallization, crystals deposited on glass were scraped off.
Moreover, evaporative crystallization of a large volume of
solution was performed. As we found, paraffin which is
non-polar surface promotes formation of crystals morpholog-
ically similar to those obtained via bulk evaporative crystalli-
zation. On the other hand, when crystallization is carried out
on the polar surfaces (glass and PVA), there is a significant
orientation effect. This phenomenon is manifested by the re-
duction of the number of peaks in PXRD spectrum recorded
for deposited on the surface crystals. Noteworthy, reduction of
PXRD signals is not observed for powder samples obtained
after scraping crystals off the glass. In order to explain the

mechanism of carboxylic crystals growth on the polar sur-
faces, quantum-chemical computations were performed. It
has been found that crystal faces of the strongest orientation
effect can be characterized by the highest surface densities of
intermolecular interactions energy (IIE). In case of SA and
ASA crystals formed on the polar surfaces the most dominant
faces are characterized by the highest adhesive and cohesive
properties. This suggests that the selection rules of the orien-
tation effect comes directly from surface IIE densities.
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Introduction

Studies on the aromatic carboxylic acids crystal growth and
morphology control have considerable pharmaceutical signif-
icance and many of these compounds are used as analgesic
and anti-inflammatory drugs [1]. Salicylic acid (SA) and its
derivative, acetylsalicylic acid (ASA) are probably among the
most known representatives of aromatic carboxylic acids be-
ing active pharmaceutical ingredients. The curing properties
of salicylic acid have been used for a long time. However, due
to the side effects it was replaced with aspirin [2]. Nowadays
salicylic acid is mainly used in organic synthesis [3], food
industry [4, 5], cosmetics and as a component of many
cocrystals of pharmaceutical relevance [6–9]. The morpholo-
gy control belongs to crystal engineering domain, which is
very rapidly growing field. Depending on the method of crys-
tallization, one can obtain materials with different properties.
This is a very important issue especially in the context of
enhancing solubility [10–18], increasing bioavailability
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[19–24] moisture uptake (hygroscopicity), chemical stability
(shelf life), hydrate/solvate formation, crystal morphology, fu-
sion properties, chemical and thermal stability, and mechani-
cal properties of solids [25, 26]. Among many available
methods of crystallization, solvent evaporation deserves par-
ticular attention. It is worth noting that many papers dealing
with evaporative crystallization have appeared recently
[27–34]. Although solvent evaporation is one of the simplest
methods of crystals production, there have been reported
many variations of this technique as for example spin coating
[28], spray drying [35], droplet evaporation [36–39], and
microwave-accelerated evaporative crystallization [40–42].
The common feature of this approaches is that thin layers or
small drops of solutions are evaporated from different sur-
faces. It is worth mentioning that heterogeneous nucleation
on polymer surfaces was found to be a useful method of
obtaining protein crystals [43, 44]. Another advantage of this
approach was reported by Lee et al. [45] who found that crys-
tallization of celecoxib (a sulfonamide drug) in the presence of
polyvinylpyrrolidone leads to formation of crystals with im-
proved drug release behavior. Apart from the practical appli-
cations, crystallization on the surface is also interesting from
the perspective of the theoretical aspect clarifying nature of
crystal growth. It is understandable that, when crystallization
is nucleated on the surface, crystals grow is forced in a direc-
tion perpendicular to the surface. For this reason there is a
significant reduction of peaks number on diffraction spectra
measured for crystals deposited on the surface compared to
typical spectra of bulk solution crystallization [46–49]. Note-
worthy, according to recent studies oriented depositions can
also be obtained via nanoparticles suspension drying [50, 51]
and with the use of flow-enabled self-assembly method [52].

Studies on the intermolecular interactions in crystals are
important from many points of views and are especially valu-
able in crystal engineering, drug manufacturing, nonlinear op-
tics, high energy density compounds, and supramolecular
chemistry [53–59]. Salicylic acid and its derivatives are often
used as a model compounds in spectroscopic and theoretical
studies on the intermolecular and intramolecular hydrogen
bonds [60–63]. It is well known that crystal packing and mor-
phology are closely related to intermolecular interactions sta-
bilizing the crystal lattice. Salicylic acid crystallizes in the
monoclinic space group P21/a with a needle-like morphology
which indicates strongly anisotropic behavior of crystal faces
growth. For rheological reasons, needle-shaped morphology
is less convenient for pharmaceutical manufacturing applica-
tions than spherical particles [64, 65]. In the case of ASA, two
commercially available, prism-shaped, and tetragonal crystals
are not suitable for tableting [66]. According to many studies,
low-aspect ratio pharmaceutical particles, including aspirin
obtained via spherical crystallization exhibit very good
tabletability, cohesivity, and flowability [66, 67]. This sug-
gests that anisotropic crystal growth, which leads to high-

aspect ratio morphology is undesirable from the viewpoint
of practical pills preparation.

Since crystal shape depends on the strength of intermolec-
ular interactions stabilizing particular crystal faces, salicylic
acid crystal morphology is crucially related to the intermolec-
ular OH O hydrogen bonds between -OH and -COOH
groups as well as between two -COOH groups forming the
C2
2(8) synthon. Aspirin exists in two experimentally observed

polymorphic forms sharing the same monoclinic P21/c space
group. First crystal structure of aspirin (form I) was reported in
1964 [68]. Interestingly, form II was predicted using compu-
tational tools [69] before experimental crystal structure was
solved and published in 2005 [70]. It is worth noting that due
to the wide conformational landscape of acetylsalicylic acid
there are many other theoretical polymorphs which were not
identified experimentally [71]. Crystal structure analysis of
acetylsalicylic acid polymorphic forms suggests that the main
intermolecular interactions are hydrogen bonds involving -
COOH groups. There are also weak CH O intermolecular
interactions between acetyloxy and phenyl group among other
contacts of small contributions. In one of our earlier studies
[49] it has been shown that benzoic acid crystal growth on the
surface during solvent evaporation can be rationalized in
terms of surface density of intermolecular interactions charac-
terizing crystal faces. This approach is based on the additive
model which assumes that total energy of the crystal lattice
can be calculated by adding all interaction energies of pairs in
crystal molecular shell. This simple model was found to be in
surprisingly good accord with experimental heat of sublima-
tions. The present paper further explores this idea and deals
with surface crystallization of salicylic and acetylsalicylic
acids. Themain goal of this study is to describe and rationalize
crystal growth behavior of these carboxylic acids on different
surfaces by means of intermolecular interactions calculations.
Particularly it is interesting if cohesive and adhesive properties
can be more generally applied for understanding of carboxylic
acids crystals growth anisotropy on polar surfaces during
droplet evaporation.

Methods

Chemicals

Analytical grade of salicylic (SA) and acetylsalicylic (ASA)
acids, polyvinyl alcohol (PVA), methanol, and N,N-
dimethylformamide (DMF) were purchased from POCH (Gli-
wice, Poland).

Glass slides coating

The crystallites of SA and ASAwere prepared on microscope
slides that were either blank or coated with films of paraffin
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and PVA. PVA films were obtained by uniformly spreading
polymer solution (0.05 g/ml) on the glass plates and drying
them under atmospheric pressure at temperature fixed at 43°C.
Paraffin coatings were prepared by covering microscope
slides with Parafilm BM^ (American National Can,
Greenwich).

Crystallization and samples preparation procedures

The crystallization of SA andASAwas performed on different
surfaces by evaporation of 20 μL droplets of solution under
atmospheric pressure at 43 °C. In order to compare diffraction
patterns recorded for oriented crystals with those grown on the
surface but randomly arranged, crystals deposited on glass
were scraped off. This operation was carried out as carefully
as possible, taking care that scraping does not significantly
affect crystals shape by firmly sliding the razor along the glass
surface. The bulk crystallization was performed by evapora-
tion of 30 ml solution at 43 °C.

XRD measurements

Powder X-ray diffraction (PXRD) spectra were recorded
using Goniometer PW3050/60 armed with Empyrean XRD
tube Cu LFF DK303072. Diffraction data were collected in
the range of 2θ between 2° and 40° with 0.001° step width.
The patterns were processed in Reflex module of Accelrys
Material Studio 7.0 (MS7.0) [72] by sequence of Kα2 strip-
ping, background computations and subtraction followed by
curve smoothing and normalization.

Calculation details

Cohesive and adhesive properties of SA and ASA were ana-
lyzed using intermolecular interactions energy (IIE) surface
densities calculated according to the procedure reported pre-
viously [49]. In the first step the periodic system geometry
optimizations of structures deposited in the Cambridge Struc-
tural Database (CSD) [73] were performed using DMol3

[74–76] module implemented in MS7.0 package [72]. This
procedure is relied on the molecular geometry relaxation with
fixed unit cell parameters to the experimental values. Geom-
etry optimizations were performed using PBE functional [77]
and DNP basis set (version 3.5) [78]. It is worth mentioning
that DNP is a double numerical basis set which includes d-
type polarization function on heavy atoms and p-type polari-
zation function on hydrogen atoms. Such basis set extension
along with Grimme [79] dispersion correction is essential for
proper hydrogen bonding calculations and stacking interac-
tions. In order to further improve the accuracy of geometry
optimization, all-electron core treatment was adopted and in-
tegration accuracy, self-consistent field (SCF) tolerance, and
orbital quality cutoff were set to fine level. At the next stage

the obtained structures were used for preparation of molecular
shell (MS) and identification of unique pairs within the crys-
tal. The closest proximity of molecules can be defined by the
distance between two molecules, which does not exceed the
van der Waals radius augmented by 1 Å [80–84]. The pair
intermolecular interaction energies (IIE) were obtained using
meta hybrid M06-2X functional [85] along with ET-pVQZ
basis set. The basis set superposition error (BSSE) corrections
were included. Besides, the nature of intermolecular interac-
tions was studied using Morokuma-Ziegler energy decompo-
sition scheme [86]. According to this approach intermolecular
interaction energies can be expressed as a sum of electrostatic

(ΔEsurf
EL ), Pauli repulsion (ΔEsurf

TPR), and orbital interactions

contributions (ΔEsurf
OI ) [86]:

ΔEsurf
IIE ¼ ΔEsurf

EL þΔEsurf
TPR þΔEsurf

OI : ð1Þ

The superscript surf in above equation denotes that IIE
surface densities are calculated by dividing energy values by
the surface area of corresponding crystal face. Electrostatic
energy contribution is defined by Coulomb forces between
unperturbed monomers charge distributions. The Pauli repul-
sion contribution is associated with the repulsion between
occupied orbitals coming from Pauli principle. Orbital inter-
actions contributions stand for HOMO-LUMO charge trans-
fer. This term also includes inner-fragment polarization
(mixing of empty and occupied orbitals on one fragment im-
posed by another one). Intermolecular energies and their de-
composition presented in this paper were performed using
ADF2013 software [87].

The quantification of cohesive and adhesive properties of
crystal faces were estimated according to details previously
presented [49]. This three stages procedure started from iden-
tification of the most important faces based of given crystal by
the analysis of PXRD spectra generated in Reflex module of
MS7.0. The values of Miller indices of the most dominant
faces were used for cleaving procedure leading to correspond-
ing surfaces. All possible positions of cleaving were consid-
ered according to functionalities of MS7.0. Finally the inter-
molecular interaction profiles were computed and used for
characteristics of cohesive and adhesive properties. This was
done by generation of 3x3x1 cells and using them as building
blocks for infinite surfaces construction. Practically, the sur-
face exposed cells (SEC) of 9x9 size were sufficiently large
for mimicking infinitely extended surfaces and elimination
edges artifacts. Cohesiveness of crystal faces is defined as
intra-layer IIE densities of interactions between carboxylic
acids molecules found within SEC along 2D directions. Ad-
hesive properties of crystal faces are associated with inter-
layer interactions of carboxylic acids molecules in SEC with
its images along in-depth direction.
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Results and discussion

Crystallization conditions selection

It is well known that crystal size and shape can be affected by
crystallization conditions. Among important factors influenc-
ing crystallization there are both types of solvent and solution
concentration. As we found concentration of SA and ASA
used in droplet evaporative crystallization does not signifi-
cantly affect relative intensities of signals on the diffraction
pattern recorded for that deposited on the surface crystallites
due to the fact that utilized crystallization conditions lead to a
very rapid process at highly non-equilibrated crystals forma-
tion from saturated solution. It is worth mentioning that too
low concentration leads to the formation of crystallite layers
which are not sufficiently thick for recording a good quality
PXRD spectra. Noteworthy, it is possible to reduce the noise
in diffraction spectra through multiple dropping and evaporat-
ing the solution on the surface. It was found that this procedure
does not affect crystal faces orientation seen through PXRD
patterns. This is of particular importance for poorly soluble
substances. However, in this study concentration of 0.724 M
was used which allows to obtain a good quality PXRD spectra
of SA and ASA crystallites after a single droplet evaporation.
Presented herein crystallization conditions provide morpho-
logically uniform crystal layers which was additionally
established by optical microscope observations.

In order to evaluate the effect of the type of solvent on the
crystallites morphology two different solvents were used,
namely methanol which is volatile (boiling point, b.p.=
65 °C) and protic solvent and DMF which is aprotic and of
a low volatility (b.p.=153 °C). In Fig. 1 exemplary powder
diffraction patterns recorded for SA crystallites deposited on
glass were summarized. As one can see, the type of solvent
used in the crystallization does not significantly affect PXRD
spectra recorded for obtained crystallite layers and hence

crystallization from methanolic solutions was selected for fur-
ther studies. This observation is interesting, because it shows
that such solvent features like volatility and proton-donating/
accepting ability does not affect orientation of SA and ASA
crystal faces deposited on the surface.

Evaporative crystallization

The initial stage of this study was devoted to measurements of
influence of the surface type on the morphology of SA and
ASA crystals. For this purpose the evaporation of small drop-
lets of methanolic solution on polar and easily wettable surfaces
(glass and PVA) and on non-polar surface, paraffin were per-
formed. The representative microscope images of obtained
crystallites were collected in Fig. 2. It is immediately evident
from these pictures that the morphology of fully developed
crystals obtained through evaporation of a large amount of
solution in bulk condition are completely different from those
growing on the surfaces. Also crystals obtained through droplet
evaporative crystallization of SA and ASA on highly wettable
surfaces differ from those obtained on non-polar film. It is
interesting to note that polar surfaces promote formation of
similar flat longitudinal crystals arranged close to each other
on the surface. Such qualitative morphology characteristics was
augmented by quantitative analysis via X-ray powder diffrac-
tion measurements. The PXRD spectra presented in Figs. 3 and
4 correspond to reflections from the surface covered by crystals.
Since the pure paraffin films exhibit some degree of crystalline
properties, the PXRD spectra characterizing this coating were
also presented. Apart from the surface crystallization, there
were also recorded spectra for crystals obtained via classical
bulk crystallization as well as ones coming from carefully
scrapping off the crystals from the surfaces. In Figs. 3 and 4
there are also provided idealized spectra. These spectra were
generated in Reflex module based on the contents of CIF files
deposited in Cambridge Structural Database (CSD).
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Fig. 1 PXRD spectra recorded
for that deposited on the glass
crystallites obtained through
droplet evaporation of SA
dissolved in methanol, and in
several methanol/DMF mixtures
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As can be inferred from Fig. 3, the bulk crystallization of
SA leads to full development of crystal morphology and in
applied crystallization conditions several faces typical for this
solid were observed. The three most significant reflexes cor-
respond to (210), (110), and (121) faces. There is direct cor-
respondence of obtained signals with idealized ones. The most
interesting observation coming from performed experiments
is the significant reduction of the number of measured signals
after surface crystallization. This is especially spectacular in

the case of on-glass crystallization, for which practically one
signal was detected at 2θ=11.0°. This suggests that at exper-
imental conditions the morphology of salicylic acid crystal-
lites is overwhelmingly dominated by (110) face. This is also
typical for other polar surfaces as PVA, although in this case
also (210) face is detectable. It is interesting to inspect spectra
obtained after carefully scrapping crystals off the glass sur-
face. In such case the PXRD patterns are quite similar to ones
characterizing products of bulk crystallization. This suggests
that the observed extremely strong influence of polar surfaces
on the crystal growth during droplet evaporation is associated
mainly with directional effect. The crystals are orientated and
tightly packed on the surface. Since the film of crystallized
salicylic acid is thin and nearly homogenous the detected re-
flections of X-ray diffraction are strong and detectable only
for (110) Miller plane. On the other hand, this particular sur-
face is exposed outward and physicochemical properties of
such crystallite are mainly defined by this particular face.

The PXRD spectra of the second compound studied here,
aspirin were presented in Fig. 4. Although ASA crystals exist
in two polymorphic forms (reported in CSD as ACSALA
(polymorph I) and ACSALA17 (polymorph II) in experimen-
tal conditions utilized in this study only the former form is
obtained. Indeed diffraction patterns of polymorph I and II
differ so significantly that it is hardly possible to misinterpret
them. Thus, in the case of bulk crystallization from methanol
solution aspirin develops crystals with morphology typical for
polymorph I. The constraining of multidimensional crystallite
growth on the polar surfaces leads to significant reduction of
signals and in the case of glass surface practically only two
faces are detectable. Themost intense signals came from (100)
and (002)/(200) Miller planes. The latter two are indistin-
guishable due to high overlap. It is worth mentioning that
atomic force microscopy (AFM) and photoelectron spectros-
copy measurements showed that ASA crystal faces reveal
different hydrophilicity depending on the type of functional

SA ASA
Glass

PVA

Paraffin 

Bulk 
crystallization

Fig. 2 The representative microscope images of salicylic acid (SA) and
acetylsalicylic acid (ASA) crystals formed on different surfaces. Red
scale bar corresponds to 50 μm
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Fig. 3 PXRD spectra recorded
for SA crystals deposited on
glass, PVA, and paraffin
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groups terminating the surface [88, 89]. The (100) crystal face
which is dominant on polar surfaces is significantly much
more hydrophilic than (002), (011), and (110) faces [90]. This
observation and presented herein method of ASA crystalliza-
tion on polar surfaces can be useful in the context of thin
layers production with enhanced dissolution properties. The
comparison of pattern obtained on glass surface with the one
obtained after scrapping crystals of the surface leads to similar
concussion as drawn from salicylic acid crystallization.
Hence, the source of reduction of diffraction signals lies in a
very strong directional effect of polar surfaces. The PXRD
spectrummeasured for crystals deposited on paraffin are more
similar to spectra recorded for crystals obtained via bulk evap-
orative crystallization. Due to the low wettability of this sur-
face ASA crystals faces growth proceeds without directional
effect, contrary to crystallization on the polar surfaces.

Energetic stabilization of crystal faces

The above-presented observations of highly anisotropic be-
havior of crystal growth on polar surfaces, which is particu-
larly emphasized by glass surfaces, raises a thought-
provoking question about the origin of the orientation effect.
It is interesting to know what the selection rules are for pro-
moting crystals growth toward particular directions in given
conditions. For this purpose the intermolecular interactions
were analyzed in detail for each of the potentially important
faces. Since the arrangements of molecules are specific to
crystal surfaces, the interactions of cohesive and adhesive na-
ture are also expected to be face related. In the previous paper
[49] parallel analysis was performed for benzoic acid crystals
developed in analogical conditions. Similar methodology
adapted here enables for the analysis of the role of intermo-
lecular interactions stabilizing SA and ASA crystals. Since
both systems are characterized by one molecule per asymmet-
ric unit (Z’=1) all molecules are supposed to be structurally

and energetically identical in either crystal. There are ten de-
posits of SA measured in the temperature span from 90 K up
to ambient one. For the purpose of this study the crystal struc-
ture of SA deposited in CSD under code SALIAC was the
starting point for partial optimization. In SA crystal each mol-
ecule is surrounded by 15 neighbors belonging to the molec-
ular shell but only nine intermolecular contacts are distinct.
They univocally define all energetic patterns within both bulk
crystal and morphology related faces. The values of selected
contributions to intermolecular interactions of these contacts
are provided in Table 1. Similar characteristics were also
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Fig. 4 PXRD spectra of ASA
crystal layers formed on glass,
PVA, and paraffin

Table 1 The unique pair interactions defining intermolecular
interactions stabilizing SA and ASA crystals. All energies (in kcal mol-1)
were computed at M06-2X/ET-pVQZ level using ADF software [87]

SALIAC

-x,-y,-z –21.82 41.36 –36.50 –26.68 4.86

-x,-y,-1-z –4.67 –0.73 –2.41 –1.53 –3.14

x,y,-1+z –3.68 –0.47 –1.61 –1.60 –2.09

−1/2+x,1/2-y,z –2.68 0.27 –2.01 –0.94 –1.74

1/2-x,-1/2+y,-2-z –1.38 0.62 –1.44 –0.56 –0.81

1/2-x,-1/2+y,-1-z –1.38 0.02 –0.76 –0.63 –0.75

-x,1-y,-1-z –1.12 0.00 –0.62 –0.50 –0.62

−1/2+x,1/2-y,1+z –0.99 0.79 –1.07 –0.70 –0.28

-x,1-y,-2-z –0.29 0.38 –0.04 –0.63 0.34

ACSALA

-x,-y,-z –24.31 44.31 –39.84 –28.78 4.47

x,-1+y,z –4.46 0.37 –3.27 –1.56 –2.90

1-x,1-y,-z –4.36 –0.88 –1.60 –1.88 –2.49

-x,1-y,-z –4.33 –1.08 –1.41 –1.83 –2.50

1-x,-y,-z –3.81 1.90 –4.36 –1.34 –2.47

x,1/2-y,-1/2+z –2.91 0.58 –1.93 –1.56 –1.35

-x,-1/2+y,1/2-z –1.95 1.00 –1.82 –1.13 –0.82

x,1.5-y,-1/2+z –1.62 –0.27 –0.65 –0.70 –0.92

1-x,-1/2+y,-1/2-z 0.03 –0.08 0.34 –0.23 0.26
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provided for aspirin. The CSD comprises 22 records of ASA
crystals in two polymorphic forms. The supplied deposits cor-
respond to those measured in the range of temperature from
20 K up to 300 K. As one can infer from deposited data for
both aromatic acids there is almost linear temperature depen-
dence of cell volume rising with increase of temperatures. The
structure of the most stable polymorphic form at ambient con-
ditions, ACSALA, was used for further analysis. The nine
unique energetic patterns are characterized in Table 1. Both
aromatic acid crystals form C2

2(8) synthon, which IIE domi-
nates among all other. Interestingly, synthon interaction is
slightly stronger in the case of ASA compared to SA pairs.
Data provided in Table 1 can be directly used for computation
of lattice energy, Elatt≈ΔEMS=0.5⋅Σnij⋅εIIE (ij) (0.5 factor is
used in order to avoid double counting of intermolecular in-
teractions in crystal). One can evaluate the accuracy of addi-
tive model by comparison to experimental values of sublima-
tion enthalpies. Since the sublimation enthalpy, ΔHsub (T), of a

crystal is a direct measure of the lattice energy, these data are
very often used for theoretical models verification [91, 92] by
the following simplified formula: ΔHsub(T)=−Elatt−2RT,
where T is the temperature at which the sublimation enthalpy
is measured and R stands for the gas constant. The experimen-
tal values of ΔHsub (T) are available [92]. The average value of
SA crystal lattice energy is equal to −23.99 kcal mol-1. The
thermochemical data characterizing sublimation of ASA are
also available [93] and equals −34.17 kcal mol-1. In the case of
applied additive model the predicted stabilization energies are
−24.06 kcal mol-1 and −33.23 kcal mol-1 for SA and aspirin,
respectively. Although additive model under-stabilize aspirin
crystals the agreement with experimental data is quite satis-
factory. Thus, the additive model was used for characterizing
surface densities of energies according to the approach de-
scribed in methodology section. Based on PXRD spectra gen-
erated using CIF files the relative intensities of signals
(I/Imax) were obtained. For further analysis those faces were
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considered which were no less intense than 5 %, as compared
to the highest peak. This led to inclusion of 12 faces for SA
and 26 Miller planes for ASA, respectively. For all se-
lected faces the intermolecular interaction profiles were
computed for characteristics of adhesive and cohesive
properties. This analysis enabled not only for quantifica-
tion of the intermolecular interaction densities but also
detailed analysis of contributing factors coming from en-
ergy decomposition analysis. The results of such analysis
are provided in Fig. 5.

As was documented in Fig. 5, the experimentally observed
growth of carboxylic acid faces on polar surfaces is closely
associated with anisotropy of cohesive and adhesive proper-
ties of crystal. Interestingly this experimental observation is in
good accords with surface densities of intermolecular interac-
tions. Indeed as it is documented in Figs. 5a and c the faces
found in crystallites of SA and ASA on glass films are those
with highest cohesive character. This is also associated with

the smallest surface unit cell. Thus, the selection rule for
directing of crystallization on polar surfaces is quite simple
and very intuitive. The reduction of the total surface during
crystallization is associated with exposure of SEC of lowest
area, which in turn have the strongest densities of intramolec-
ular interactions. As has been found, in the case of ASA, (100)
plane is the most energetically stable in terms of both cohesive
and adhesive properties (Figs. 5c and d). Apparently, this face
corresponds to the most dominant peak on PXRD spectra
recorded for ASA crystals deposited on the polar surfaces.
In the case of SA the (110) face exhibits similarly highest
cohesive and adhesive properties (Figs. 5a and b) and also is
observed experimentally. The conclusion that IIE densities
control orientation effect on the polar surfaces was also docu-
mented for benzoic acid [49]. One can anticipate that the gen-
eralization of these observation is valid and for other crystals it
is expected that those surfaces having of both the strongest
cohesive and adhesive properties are ones appearing
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predominantly on the glass surfaces during droplet evapora-
tion crystallization.

The inspection of energetic contributions to IIE presented
in Fig. 5 suggests that the electrostatic contribution is gener-
ally the most important in the context of crystal faces stabili-
zation. Since the cohesive and adhesive properties of carbox-
ylic acids crystals are predominantly affected by hydrogen
bonds found in C2

2(8) synthon the hydrogen bonds nature is
responsible for observed face related IIE. On the other hand,
almost symmetrical arrangement of total Pauli repulsion plot
with respect to the other plots suggests that repulsive and
attractive contributions are not independent from each other.
Indeed, linear correlation been found between Pauli repulsion
surface density energy and attractive interactions contribu-
tions with very high correlation coefficient. The observed
trend was documented in Fig. 6. As one can see from the slope
values analysis, total Pauli repulsion increase is generally
more sensitive to the increase of attraction coming from total
orbital interactions contribution than originating from electro-
static contribution.

Conclusions

The salicylic acid and aspirin are very important compounds
both from pharmaceutical industry, cosmetics, and organic
synthesis. They are used as curing agents in a number of
diseases as anti-inflammatory agents, easing aches and pains,
key ingredients in many skin-care products [94]. Thus, con-
trolled crystallization of these chemicals is important both
from practical and theoretical points of view. In general any
crystal growth is of anisotropic nature since crystal faces have
different growth rates. In this study such anisotropy of SA and
ASA crystallization was intentionally enhanced by restricted
crystallization via droplet evaporation on different surfaces. In
the case of polar surfaces, including glass and PVA, the num-
ber of peaks registered by XRPD measurements was dramat-
ically reduced. This has been attributed to the fact that crystals
were force to grow rapidly at elevated temperature in the di-
rection perpendicular to the surface. Consequently only cer-
tain faces were able to be exposed outward. The other faces
are not directly detectable in the powder pattern due to strong
orientation effect associated with directional arrangement of
crystals on the surface. In order to evaluate the influence of a
non-polar surface on SA and ASA crystals growth behavior,
droplet evaporative crystallization on paraffin layer was per-
formed. In case of this coating, bulk-like crystal morphology
of both SA andASAwas observed. This is probably caused by
the fact that solution layer on low wettable surface is thicker
and crystals can grow in all directions. Probably, because of
the lower surface area of droplet on paraffin in comparison to
glass and PVA surfaces, the orientation effect is less pro-
nounced on paraffin. Anisotropic crystal growth is closely

associated with high-aspect ratio morphology which is not
suitable for drug manufacturing. For this reason SA and
ASA crystal growth on non-polar surface is probably more
suitable for pharmaceutical manufacturing applications than
crystallization on polar surface. On the other hand, in the case
of ASA crystallization on glass and PVA surfaces, hydrophilic
(100) crystal face [90] is exposed. This is interesting in the
context of promoting formation of crystallite layers with en-
hanced solubility.

In order to explain the origin of observed phenomenon of
carboxylic crystals growth on the polar surfaces, quantum-
chemically derived intermolecular interaction were used. It
has been found that surface densities of IIE can provide an
understandable explanation of unique properties of crystal
faces. According to this approach two types of IIE surface
densities can be distinguished, namely cohesiveness and ad-
hesiveness. The first of these features characterizes intra-layer
interactions in crystal face, the latter inter-layer interactions. It
has been found that those crystal faces which correspond to
the most intense diffraction peaks exhibit the highest cohe-
siveness and adhesiveness. The analysis presented here does
not include specific interactions between polar surfaces and
carboxylic acids molecules. Nevertheless, good results in
predicting which crystal face is exposed on the polar surfaces
suggest that such a simplified approach provides reliable ex-
planation of observed phenomenon.

In the case of analyzed crystals the electrostatic interactions
are the most important factors contributing to both cohesive
and adhesive properties of studied carboxylic acids crystals.
The noticed very good correlations between total Pauli repul-
sive densities and other contributions can be regarded as a
general feature of applied analysis. The above conclusions
are generally consistent with previously reported results for
non-substituted benzoic acid [49]. This shows that, anisotrop-
ic properties of aromatic carboxylic acids crystals can be de-
scribed in terms of IIE densities and the intermolecular inter-
actions additive model.

Acknowledgments This research was supported in part by PL-Grid
Infrastructure. The allocation of computational facilities of Academic
Computer Centre BCyfronet^ AGH / Krakow / POLAND is also ac-
knowledged. Valuable technical assistance of Tomasz Miernik is
acknowledged.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

1. Lemke TL, Williams DA (2008) Foye’s principles of medicinal
chemistry. Kluwer, Baltimore

J Mol Model (2015) 21: 49 Page 9 of 12 49



2. Patrick GL (1995) An introduction to medicinal chemistry. Oxford
University Press, Oxford

3. Ahluwalia VK, Bhagat P, Aggarwal R, Chandra R (2005) Intermediate
for organic synthesis. I. K. International Pvt. Ltd, New Delhi

4. Singh YP, Das R, Singh RA (2007) Numerical simulation of the
internal vibrations of COOH group in amino-salicylic acids. Afr J
Biochem Res 1:019–023

5. Wen P, Chen J, Wan S, Kong W, Zhang P, Wang W, Zhan J, Pan Q,
Huang W (2008) Salicylic acid activates phenylalanine ammonia-
lyase in grape berry in response to high temperature stress. Plant
Growth Regul 55:1–10. doi:10.1007/s10725-007-9250-7

6. Elbagerma MA, Edwards HG, Munshi T, Scowen IJ (2010)
Identification of a new co-crystal of salicylic acid and benzamide
of pharmaceutical relevance. Anal Bioanal 397:137–146. doi:10.
1007/s00216-009-3375-7

7. Trask AV, Jones W (2005) Crystal engineering of organic cocrystals
by the solid-state grinding approach. Top Curr Chem 254:41–70. doi:
10.1007/b100995

8. Kastelic J, Lah N, Kikelj D, Leban I (2011) A 1:1 co-crystal of
fluconazole with salicylic acid. Acta Cryst C 67:370–372. doi:10.
1107/S0108270111031155

9. Aitipamula S, Wong ABH, Chow PS, Tan RBH (2012)
Pharmaceutical cocrystals of ethenzamide: structural, solubility and
dissolution studies. Cryst Eng Comm 14:8515–8524. doi:10.1039/
C2CE26325D

10. Kumar A, Sahoo SK, Padhee K, Kochar PS, Sathapathy A, Pathak N
(2011) Review on solubility enhancement techniques for hydropho-
bic drugs. Pharmacie Globale 3:001–007

11. Derle D, Patel J, Yeole D, Patel A, Pingle A (2010) Particle engineer-
ing techniques to enhance dissolution of poorly water soluble drugs.
International J Current Pharm Res 2:10–15

12. Chaudhary A, Nagaich U, Gulati N, Sharma V, Khosa R, Partapur
MUP (2012) Enhancement of solubilization and bioavailability of
poorly soluble drugs by physical and chemical modifications: a re-
cent review. J Adv Pharm Educ Res 2:32–67

13. Lonare AA, Patel SR (2013) Antisolvent crystallization of poorly
water soluble drugs. Int J Chem Eng Appl 4:337–341

14. Purvis T, Mattucci ME, Crisp MT, Johnston KP, Williams RO (2007)
Rapidly dissolving repaglinide powders produced by the ultra-rapid
freezing process. AAPS Pharm Sci Tech 8:E1–E9. doi:10.1208/
pt0803058

15. Rogers TL, Overhoff KA, Shah P, Santiago P, YacamanMJ, Johnston
KP, Williams RO III (2003) Micronized powders of a poorly water
soluble drug produced by a spray-freezing into liquid-emulsion pro-
cess. Eur J Pharm Biopharm 55:161–172. doi:10.1016/S0939-
6411(02)00193-5

16. Niwa T, Mizutani D, Danjo K (2012) Spray freeze-dried porous mi-
croparticles of a poorly water-soluble drug for respiratory delivery.
Chem Pharm Bull (Tokyo) 60:870–876. doi:10.1248/cpb. c12-00208

17. Kerč J, Srčič S, Knez Ž, Senčar-Božič P (1999) Micronization of
drugs using supercritical carbon dioxide. Int J Pharm 182:33–39.
doi:10.1016/S0378-5173(99)00063-0

18. Hezave AZ, Esmaeilzadeh F (2010) Micronization of drug particles
via RESS process. J Supercrit Fluids 52:84–98. doi:10.1016/j.supflu.
2009.09.006

19. Rodríguez-Hornedo N, Nehm SJ, Jayasankar A (2006) Cocrystals:
design, properties and formation mechanisms. Encyclopedia of phar-
maceutical technology: third edn. Informa Healthcare, New York

20. Rodríguez-Hornedo N (2007) Cocrystals: molecular design of phar-
maceutical materials. Mol Pharmaceutics 4:299–300. doi:10.1021/
mp070042v

21. Stahly GP (2009) A survey of cocrystals reported prior to 2000. Cryst
Growth Des 9:4212–4229

22. Schultheiss N (2008) Ten years of co-crystal synthesis; the good, the
bad, and the ugly. Cryst Eng Comm 10:1816–1821. doi:10.1039/
B811809D

23. Shan N, Zaworotko MJ (2008) The role of cocrystals in pharmaceu-
tical science. Drug Discov Today 13:440–446. doi:10.1016/j.drudis.
2008.03.004

24. Trask AV (2007) An overview of pharmaceutical cocrystals as intel-
lectual property. Mol Pharmaceutics 4:301–309. doi:10.1021/
mp070001z

25. Maghsoodi M (2012) How spherical crystallization improves direct
tableting properties: a review. Adv Pharm Bull 2:253–257. doi:10.
5681/apb.2012.039

26. Nokhodchi A, Maghsoodi M, Hassanzadeh D (2007) An improve-
ment of physicomechanical properties of carbamazepine crystals.
Iran J Pharm Res 6:83–93

27. Urbelis JH, Swift JA (2014) Solvent effects on the growth morphol-
ogy and phase purity of CL-20. Cryst Growth Des 14:1642–1649.
doi:10.1021/cg401774s

28. Ehmann HMA, Werzer O (2014) Surface mediated structures: stabi-
lization of metastable polymorphs on the example of paracetamol.
Cryst Growth Des 14:3680–3684. doi:10.1021/cg500573e

29. Radacsi N, ter Horst JH, Stefanidis GD (2013) Microwave-assisted
evaporative crystallization of niflumic acid for particle size reduction.
Cryst Growth Des 13:4186–4189. doi:10.1021/cg4010906

30. Huang S, Li H, Wen H, Yu D, Jiang S, Li G, Chen X, An L (2014)
Cryst Eng Comm 16:94–101. doi:10.1039/C3CE41664J

31. Mohammed M, Syed MF, Bhatt MJ, Hoffman EJ, Aslan K (2012)
Rapid and selective crystallization of acetaminophen using metal-
assisted and microwave-accelerated evaporative crystallization.
Nano Biomed Eng 4:35–40

32. Qi H,WangW, Li CY (2014) Janus polymer single crystal nanosheet
via evaporative crystallization. ACS Macro Lett 3:675–678. doi:10.
1021/mz5002806

33. Carver KM, Snyder RC (2012) Unexpected polymorphism and
unique particle morphologies from monodisperse droplet evapora-
tion. Ind Eng Chem Res 51:15720–15728. doi:10.1021/ie3015439

34. Araya-Sibaja AMA, Fandaruff C, Campos CEM, Soldi V, Cardoso
SG, Cuffini SL (2013) Morphology study of progesterone poly-
morphs prepared by polymer-induced heteronucleation (PIHn).
Scanning 35:213–221. doi:10.1002/sca.21045

35. Yu L, Ng K (2002) Glycine crystallization during spray drying: the
pH effect on salt and polymorphic forms. J Pharm Sci 91:2367–2375.
doi:10.1002/jps.10225

36. Shahidzadeh-Bonn N, Rafaı S, Bonn D,WegdamG (2008) Salt crys-
tallization during evaporation: impact of interfacial properties.
Langmuir 24:8599–8605. doi:10.1021/la8005629

37. Jiang X, Ward TL, van Swol F, Brinker CJ (2010) Numerical simu-
lation of ethanol-water-NaCl droplet evaporation. Ind Eng Chem Res
49:5631–5643. doi:10.1021/ie902042z

38. Zhang QN, Zhang Y, Cai C, Guo YC, Reid JP, Zhang YH (2014) In
situ observation on the dynamic process of evaporation and crystal-
lization of sodium nitrate droplets on a ZnSe substrate by FTIR-ATR.
J Phys Chem A 118:2728–2737. doi:10.1021/jp412073c

39. Kokornaczyk MO, Dinelli G, Marotti I, Benedettelli S, Nani D, Betti
L (2011) Self-organized crystallization patterns from evaporating
droplets of common wheat grain leakages as a potential tool for
quality analysis. Sci World J 11:1712–1725. doi:10.1100/2011/
937149

40. Mojibola A, Dongmo-Momo G, Mohammed M, Aslan K (2014)
Crystal engineering of l-alanine with l-leucine additive using metal-
assisted andmicrowave-accelerated evaporative crystallization. Cryst
Growth Des 14:2494–2501. doi:10.1021/cg500204t

41. Alabanza AM, Pozharski E, Aslan K (2012) Rapid crystallization of
l-alanine on engineered surfaces by use of metal-assisted and
microwave-accelerated evaporative crystallization. Cryst Growth
Des 12:346–353. doi:10.1021/cg2011502

42. Grell TAJ, PinardMA, Pettis D, Aslan K (2012) Rapid crystallization
of glycine using metal-assisted and microwave-accelerated

49 Page 10 of 12 J Mol Model (2015) 21: 49

http://dx.doi.org/10.1007/s10725-007-9250-7
http://dx.doi.org/10.1007/s00216-009-3375-7
http://dx.doi.org/10.1007/s00216-009-3375-7
http://dx.doi.org/10.1007/b100995
http://dx.doi.org/10.1107/S0108270111031155
http://dx.doi.org/10.1107/S0108270111031155
http://dx.doi.org/10.1039/C2CE26325D
http://dx.doi.org/10.1039/C2CE26325D
http://dx.doi.org/10.1208/pt0803058
http://dx.doi.org/10.1208/pt0803058
http://dx.doi.org/10.1016/S0939-6411(02)00193-5
http://dx.doi.org/10.1016/S0939-6411(02)00193-5
http://dx.doi.org/10.1248/cpb.%20c12-00208
http://dx.doi.org/10.1016/S0378-5173(99)00063-0
http://dx.doi.org/10.1016/j.supflu.2009.09.006
http://dx.doi.org/10.1016/j.supflu.2009.09.006
http://dx.doi.org/10.1021/mp070042v
http://dx.doi.org/10.1021/mp070042v
http://dx.doi.org/10.1039/B811809D
http://dx.doi.org/10.1039/B811809D
http://dx.doi.org/10.1016/j.drudis.2008.03.004
http://dx.doi.org/10.1016/j.drudis.2008.03.004
http://dx.doi.org/10.1021/mp070001z
http://dx.doi.org/10.1021/mp070001z
http://dx.doi.org/10.5681/apb.2012.039
http://dx.doi.org/10.5681/apb.2012.039
http://dx.doi.org/10.1021/cg401774s
http://dx.doi.org/10.1021/cg500573e
http://dx.doi.org/10.1021/cg4010906
http://dx.doi.org/10.1039/C3CE41664J
http://dx.doi.org/10.1021/mz5002806
http://dx.doi.org/10.1021/mz5002806
http://dx.doi.org/10.1021/ie3015439
http://dx.doi.org/10.1002/sca.21045
http://dx.doi.org/10.1002/jps.10225
http://dx.doi.org/10.1021/la8005629
http://dx.doi.org/10.1021/ie902042z
http://dx.doi.org/10.1021/jp412073c
http://dx.doi.org/10.1100/2011/937149
http://dx.doi.org/10.1100/2011/937149
http://dx.doi.org/10.1021/cg500204t
http://dx.doi.org/10.1021/cg2011502


evaporative crystallization: the effect of engineered surfaces and sam-
ple volume. Nano Biomed Eng 4:125–131. doi:10.5101/nbe.v4i3.
p125-131

43. Foroughi LM, Kang Y-N, Matzger AJ (2011) Polymer-induced
heteronucleation for protein single crystal growth: structural elucida-
tion of bovine liver catalase and concanavalin A forms. Cryst Growth
Des 11:1294–1298. doi:10.1021/cg101518f

44. Grzesiak AL, Matzger AJ (2008) Selection of protein crystal forms
facilitated by polymer-induced heteronucleation. Cryst Growth Des
8:347–350. doi:10.1021/cg0703745

45. Lee H, Lee J (2013) Dissolution enhancement of celecoxib via
polymer-induced crystallization. J Cryst Growth 374:37–42. doi:10.
1016/j.jcrysgro.2013.04.006

46. López-Mejías V, Knight JL, Brooks CL, Matzger AJ (2011) On the
mechanism of crystalline polymorph selection by polymer
heteronuclei. Langmuir 27:7575–7579. doi:10.1021/la200689a

47. Curcio E, López-Mejías V, Di Profio G, Fontananova E, Drioli E,
Trout BL, Myerson AS (2014) Regulating nucleation kinetics
through molecular interactions at the polymer–solute interface.
Cryst Growth Des 14:678–686. doi:10.1021/cg4015543

48. Diao Y, Myerson AS, Hatton TA, Trout BL (2011) Surface design for
controlled crystallization: the role of surface chemistry and nanoscale
pores in heterogeneous nucleation. Langmuir 27:5324–5334. doi:10.
1021/la104351k

49. Cysewski P, Przybyłek M, Miernik T, Kobierski M, Ziółkowska D
(2014) Struct Chem. 10.1007/s11224-014-0528-x

50. Han W, Li B, Lin Z (2013) Drying-mediated assembly of colloidal
nanoparticles into large-scale microchannels. ACS Nano 7:6079–
6085. doi:10.1021/nn401885f

51. Li B, Han W, Byun M, Zhu L, Zou Q, Lin Z (2013) Macroscopic
highly aligned DNA nanowires created by controlled evaporative
self-assembly. ACS Nano 7:4326–4333. doi:10.1021/nn400840y

52. Li B, Han W, Jiang B, Lin Z (2014) Crafting threads of diblock
copolymer micelles via flow-enabled self-assembly. ACS Nano 8:
2936–2942. doi:10.1021/nn500193y

53. Desiraju GR, Vittal JJ, Ramanan A (2011) Crystal engineering.
World Scientific, Singapore

54. Bentria B, Benbertal D, Bagieu-Beucher M, Mosset A, Zaccaro J
(2003) Crystal engineering strategy for quadratic nonlinear optics.
Part II: Hg(IO3)2. Solid State Sci 5:359–365. doi:10.1016/S1293-
2558(03)00004-9

55. Evans OR, Lin W (2001) Crystal engineering of nonlinear optical
materials based on interpenetrated diamondoid coordination net-
works. Chem Mater 13:2705–2712. doi:10.1021/cm010301n

56. Soldatov DV, Terekhova IS (2005) Supramolecular chemistry and
crystal engineering. J Struct Chem 46:S1–S8. doi:10.1007/s10947-
006-0143-9

57. Zhang C, KangB, CaoX, Xiang B (2012)Why is the crystal shape of
TATB is so similar to its molecular shape? Understanding by only its
root molecule. J Mol Model 18:2247–2256. doi:10.1007/s00894-
011-1245-7

58. Zhao G-Z, Lu M (2013) Theoretical studies on the crystal structure,
thermodynamic properties, detonation performance and thermal sta-
bility of cage-tetranitrotetraazabicyclooctane as a novel high energy
density compound. J Mol Model 19:57–64. doi:10.1007/s00894-
012-1522-0

59. Aaker y CB, Champness NR, Janiak C (2010) Recent advances in
crystal engineering. Cryst Eng Comm 12:22–43. doi:10.1039/
B919819A

60. KarabacakM,Kosea E, Kurt M (2010) FT-Raman, FT-IR spectra and
DFT calculations on monomeric and dimeric structures of 5-fluoro-
and 5-chloro-salicylic acid. J Raman Spectrosc 41:1085–1097. doi:
10.1002/jrs.2551

61. Boczar M, Boda Ł, Wójcik MJ (2006) Theoretical modeling of infra-
red spectra of hydrogen-bonded crystals of salicylic acid. Spectrochim
Acta Part A 64:757–760. doi:10.1016/j.saa.2005.06.049

62. Pinto SS, Diogo HP, Guedes RC, Costa Cabral BJ, Minas da Piedade
ME,Martinho Simões JA (2005) Energetics of hydroxybenzoic acids
and of the corresponding carboxyphenoxyl radicals. Intramolecular
hydrogen bonding in 2-hydroxybenzoic acid. J Phys Chem A 109:
9700–9708. doi:10.1021/jp054220g

63. Munshi P, Guru Row TN (2006) Intra- and intermolecular interac-
tions in small bioactive molecules: cooperative features from exper-
imental and theoretical charge-density analysis. Acta Cryst B62:612–
626. doi:10.1107/S0108768106017393

64. Saito F, Baron M, Dodds J (2004) Morphology control in size reduc-
tion processes. In: Waseda Y, Muramatsu A (eds) Morphology con-
trol of materials and nanoparticles: advanced materials processing
and characterization. Springer, New York

65. Anderson NG (2000) Practical process research and development.
Academic, Oxford

66. Göczõ H, Szabó-Révész P, Farkas B, Hasznos-Nezdei M, Serwanis
SF, Pintye-Hódi AK, Kása P Jr, Erõs I, Antal I, Marto S (2000)
Development of spherical crystals of acetylsalicylic acid for direct
tablet-making. Chem Pharm Bull (Tokyo) 48:1877–1881

67. Ghenge GR, Pande SD, Birari TK, Jejurkar LS, Ahmad A (2011) An
overview to spherical crystallization and its evaluation. Int J App
Pharm 3:1–6

68. Wheatley PJ (1964) The crystal and molecular structure of aspirin. J
Chem Soc 6036–6048. doi: 10.1039/JR9640006036

69. Ouvrard C, Price SL (2004) Toward crystal structure prediction for
conformationally flexible molecules: the headaches illustrated by as-
pirin. Cryst Growth Des 4:1119–1127. doi:10.1021/cg049922u

70. Vishweshwar P, McMahon JA, Oliveira M, PetersonML, Zaworotko
MJ (2005) The predictably elusive form II of aspirin. J AmChem Soc
127:16802–16803. doi:10.1021/ja056455b

71. Payne RS, Rowe RC, Roberts RJ, Charlton MH, Docherty R (1999)
Potential polymorphs of aspirin. J Comput Chem 20:262–273. doi:10.
1002/(SICI)1096-987X(19990130)20:2<262::AID-JCC8>3.0.CO;2-8

72. Accelrys (2014) Materials Studio 7. Accelrys, San Diego
73. CSD Version 5.35. Updated May 2013
74. Delley B (2000) From molecules to solids with the DMol3 approach.

J Chem Phys 113:7756–7764. doi:10.1063/1.1316015
75. Delley B (1996) Fast calculation of electrostatics in crystals and large

molecules. J Phys Chem 100:6107–6110. doi:10.1021/jp952713n
76. Delley B (1990) An all-electron numerical method for solving the

local density functional for polyatomic molecules. J Chem Phys 92:
508–517. doi:10.1063/1.458452

77. Perdew JP, Burke K, Ernzerhof M (1996) Generalized gradient ap-
proximation made simple. Phys Rev Lett 77:3865–3868. doi:10.
1103/PhysRevLett.77.3865

78. Delley B (2006) Ground-state enthalpies: evaluation of electronic
structure approaches with emphasis on the density functional method.
J Phys Chem A 110:13632–13639. doi:10.1021/jp0653611

79. Grimme S (2006) Semiempirical GGA-type density functional con-
structed with a long-range dispersion correction. J Comput Chem 27:
1787–1799. doi:10.1002/jcc.20495

80. Shishkin OV, Dyakonenko VV, Maleev AV (2012) Supramolecular
architecture of crystals of fused hydrocarbons based on topology of
intermolecular interactions. Cryst Eng Comm 14:1795–1804. doi:10.
1039/C2CE06336K

81. Macrae CF, Bruno IJ, Chisholm JA, Edgington PR, McCabe P,
Pidcock E, Rodriguez-Monge L, Taylor R, van de Streek J, Wood
PA (2008) Mercury CSD 2.0 - new features for the visualization and
investigation of crystal structures. J Appl Cryst 41:466–470. doi:10.
1107/S0021889807067908

82. Macrae CF, Edgington PR, McCabe P, Pidcock E, Shields GP, Taylor
R, Towler M, van de Streek J (2006) J Appl Cryst 39:453–457. doi:
10.1107/S002188980600731X

83. Bruno IJ, Cole JC, Edgington PR, Kessler MK, Macrae CF, McCabe
P, Pearson J, Taylor R (2002) New software for searching the

J Mol Model (2015) 21: 49 Page 11 of 12 49

http://dx.doi.org/10.5101/nbe.v4i3.p125-131
http://dx.doi.org/10.5101/nbe.v4i3.p125-131
http://dx.doi.org/10.1021/cg101518f
http://dx.doi.org/10.1021/cg0703745
http://dx.doi.org/10.1016/j.jcrysgro.2013.04.006
http://dx.doi.org/10.1016/j.jcrysgro.2013.04.006
http://dx.doi.org/10.1021/la200689a
http://dx.doi.org/10.1021/cg4015543
http://dx.doi.org/10.1021/la104351k
http://dx.doi.org/10.1021/la104351k
http://dx.doi.org/10.1007/s11224-014-0528-x
http://dx.doi.org/10.1021/nn401885f
http://dx.doi.org/10.1021/nn400840y
http://dx.doi.org/10.1021/nn500193y
http://dx.doi.org/10.1016/S1293-2558(03)00004-9
http://dx.doi.org/10.1016/S1293-2558(03)00004-9
http://dx.doi.org/10.1021/cm010301n
http://dx.doi.org/10.1007/s10947-006-0143-9
http://dx.doi.org/10.1007/s10947-006-0143-9
http://dx.doi.org/10.1007/s00894-011-1245-7
http://dx.doi.org/10.1007/s00894-011-1245-7
http://dx.doi.org/10.1007/s00894-012-1522-0
http://dx.doi.org/10.1007/s00894-012-1522-0
http://dx.doi.org/10.1039/B919819A
http://dx.doi.org/10.1039/B919819A
http://dx.doi.org/10.1002/jrs.2551
http://dx.doi.org/10.1016/j.saa.2005.06.049
http://dx.doi.org/10.1021/jp054220g
http://dx.doi.org/10.1107/S0108768106017393
http://dx.doi.org/10.1021/cg049922u
http://dx.doi.org/10.1021/ja056455b
http://dx.doi.org/10.1002/(SICI)1096-987X(19990130)20:2%3C262::AID-JCC8%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1096-987X(19990130)20:2%3C262::AID-JCC8%3E3.0.CO;2-8
http://dx.doi.org/10.1063/1.1316015
http://dx.doi.org/10.1021/jp952713n
http://dx.doi.org/10.1063/1.458452
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1021/jp0653611
http://dx.doi.org/10.1002/jcc.20495
http://dx.doi.org/10.1039/C2CE06336K
http://dx.doi.org/10.1039/C2CE06336K
http://dx.doi.org/10.1107/S0021889807067908
http://dx.doi.org/10.1107/S0021889807067908
http://dx.doi.org/10.1107/S002188980600731X


Cambridge Structural Database and visualising crystal structures.
Acta Cryst B58:389–397. doi:10.1107/S0108768102003324

84. Taylor R, Macrae CF (2001) Rules governing the crystal packing of
mono- and di-alcohols. Acta Cryst B57:815–827. doi:10.1107/
S010876810101360X

85. Zhao Y, Truhlar DG (2008) The M06 suite of density functionals for
main group thermochemistry, thermochemical kinetics, noncovalent
interactions, excited states, and transition elements: two new func-
tionals and systematic testing of four M06-class functionals and 12
other functional. Theor Chem Acc 120:215–241. doi:10.1007/
s00214-007-0310-x

86. Bickelhaupt FM, Baerends EJ (2000) Kohn-Sham density functional
theory: predicting and understanding chemistry. In: Lipkowitz KB,
Boyd DB (eds) Rev comput Chem, vol 15. Wiley-VCH, New York,
pp 1–86

87. ADF (2013) SCM, theoretical chemistry. Vrije Universiteit,
Amsterdam

88. Danesh A, Davies MC, Hinder SJ, Roberts CJ, Tendler SJB,
Williams PM, Wilkins MJ (2000) Surface characterization of aspirin
crystal planes by dynamic chemical force microscopy. Anal Chem
72:3419–3422. doi:10.1021/ac991498u

89. Heng JY, Bismarck A, Lee AF, Wilson K, Williams DR (2007)
Anisotropic surface chemistry of aspirin crystals. J Pharm Sci 96:
2134–2144. doi:10.1002/jps.20841

90. Hammond RB, Pencheva K, Roberts KJ, Auffret T (2007)
Quantifying solubility enhancement due to particle size reduction
and crystal habit modification: case study of acetyl salicylic acid. J
Pharm Sci 96:1967–1973. doi:10.1002/jps.20869

91. Gavezzotti A (1994) Molecular packing and correlations between
molecular and crystal properties. In: Burgiand H-B, Dunitz D (eds)
Structure Correlation, Vol. 2, VCH, Weinheim, pp 509–542. doi:
10.1002/9783527616091.ch12

92. Acree Jr. W, Chickos JS (2010) Phase transition enthalpy measure-
ments of organic and organometallic compounds. sublimation, vapor-
ization and fusion enthalpies from 1880 to 2010. J Phys Chem Ref
Data 39:043101–1–043101–942

93. Manin AN, Voronin AP, Perlovich GL (2014) Acetamidobenzoic
acid isomers: studying sublimation and fusion processes and their
relation with crystal structures. Thermochim Acta 583:72–77. doi:
10.1016/j.tca.2014.03.019

94. Madan RK, Levitt J (2014) A review of toxicity from topical salicylic
acid preparations. J Am Acad Dermatol 70:788–792. doi:10.1016/j.
jaad.2013.12.005

49 Page 12 of 12 J Mol Model (2015) 21: 49

http://dx.doi.org/10.1107/S0108768102003324
http://dx.doi.org/10.1107/S010876810101360X
http://dx.doi.org/10.1107/S010876810101360X
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1007/s00214-007-0310-x
http://dx.doi.org/10.1021/ac991498u
http://dx.doi.org/10.1002/jps.20841
http://dx.doi.org/10.1002/jps.20869
http://dx.doi.org/10.1016/j.tca.2014.03.019
http://dx.doi.org/10.1016/j.jaad.2013.12.005
http://dx.doi.org/10.1016/j.jaad.2013.12.005

	On the origin of surface imposed anisotropic growth of salicylic and acetylsalicylic acids crystals during droplet evaporation
	Abstract
	Introduction
	Methods
	Chemicals
	Glass slides coating
	Crystallization and samples preparation procedures
	XRD measurements
	Calculation details

	Results and discussion
	Crystallization conditions selection
	Evaporative crystallization
	Energetic stabilization of crystal faces

	Conclusions
	References


