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Abstract: This work could help to better understand the solvent effects on crystal habits and aspect
ratio changes at the molecular level, which provide some guidance for solvent selection in industrial
crystallization processes. With the catechol crystal habits acquired using both experimental and
simulation methods in isopropanol, methyl acetate and ethyl acetate, solvent effects on crystal
morphology were explored based on the modified attachment energy model. Firstly, morphologically
dominant crystal faces were obtained with the predicted crystal habit in vacuum. Then, modified
attachment energies were calculated by the molecular dynamics simulation to modify the crystal
shapes in a real solvent environment, and the simulation results were in agreement with the
experimental ones. Meanwhile, the surface properties such as roughness and the diffusion coefficient
were introduced to analyze the solvent adsorption behaviors and the radial distribution function
curves were generated to distinguish diverse types of interactions like hydrogen bonds and van der
Waals forces. Results show that the catechol crystal habits were affected by the combination of the
attachment energy, surface structures and molecular interaction types. Moreover, the changing aspect
ratios of catechol crystals are closely related to the existence of hydrogen bonds which contribute to
growth inhibition on specific faces.

Keywords: solvent effect; crystal habit; aspect ratio; molecular dynamics (MD); surface structure

1. Introduction

Crystal size and shape have essential effects on downstream processing such as filtration, washing
and drying for solution crystallization [1-3]. Meanwhile, crystal properties such as flowability and
bulk density [4,5] are closely associated with crystal morphology. Therefore, it has been very crucial
to explore the possible crystal habits under different conditions to select the suitable crystals for
industrial operations. Many factors contribute to affect crystal shapes, such as solvents [6], additives [7],
temperature [8], supersaturation [9] and even stirring rate [10], which can be modified and controlled
to obtain the morphology optimal for industrial applications. For solution crystallization, the effect
of solvents is one of the most primary factors that affects final crystal habits. As indicated by many
researches [11-13], the interactions between solvent molecules and crystal faces are quite essential to
crystal growth. Hence, in order to obtain desired crystal shapes, it is necessary to investigate solvent
effects on crystal habits and aspect ratio changes.
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Although real and effective crystal morphology could be acquired by experimental methods, it is
labor-intensive and time-consuming to conduct a large number of experiments just to find the optimal
one that benefits production. In recent years, computer-aided methods such as molecular simulations
and first principles (FP) simulations have been explored to explain and predict crystal habits [14-17],
and the gradually developing simulation methods have provided a broader perspective for crystal
morphology research at a molecular level.

Molecular dynamics (MD) is one of the molecular simulation methods that helps to investigate
the directions of crystal growth with molecular information, reveal the interactions between solvent
molecules and crystal surfaces and provide more microscopic details for experiments. The MD method
has been successfully applied to simulate crystal morphology in many cases [18-20]. Wang et al. [21]
utilized a surface docking model for a crystal growth simulation of cefaclor dihydrate and proposed
a competitive relationship of surface adsorption by the solute and solvent molecules based on pure
solvent and solution models. Zhang et al. [22] simulated the crystal morphology of ibuprofen obtained
from four different solvents using the modified attachment energy (MAE) model and found that the
crystal aspect ratios were sensitive to the relative polarity of the solvents. They regarded the method
as a promising way for the computer-aided design of desirable pharmaceutical crystal habits with
rapid solvent screening. Poornachary et al. [23] investigated the mechanism of additive inhibition on
naproxen crystal growth by modeling the intermolecular interactions between the polymeric additive
and the crystal surface and ascribed the phenomenon to solute diffusion control.

However, the exploration of solvent-crystal interactions from the thermodynamic perspective
is just a partial picture, and discussions are not sufficient on the differences in crystal aspect ratios
because of solvent system distinctions, which makes the crystal morphology selection in industrial
application still based on experiences.

Catechol is a common fine chemical raw material, which is mainly used as an intermediate
for polymerization inhibitor synthesis and pesticide production. In addition, it is also consumed as
a precursor to fragrances, pharmaceuticals and dyes [24]. This organic chemical commodity has been
in industrial production for over forty years, and the research emphasis is usually focused on its
synthesis techniques [25,26]. Further experimental and simulation investigations on catechol crystal
morphology are needed to get a deeper insight into the crystal growth and habits in solvents, which
helps to select optimal crystal shapes and solvents to avoid agglomeration and improve product quality
for industrial production.

In this paper, the catechol crystal morphology in isopropanol, methyl acetate and ethyl acetate
were simulated using the MAE model, which helped to quantify the interactions between the crystal
surfaces and solvent molecules. Experiments of cooling crystallization were conducted at the same
time for model verification. This study aimed to describe the solvent effects on crystal habits from
the perspective of crystal-solvent interactions and surface properties, which may favor a better
understanding of crystal habit distinctions, especially the aspect ratio changes of crystal shapes
in solvents.

2. Calculation Methodology

2.1. Theory

The Bravais-Friedel-Donnay-Harker (BFDH) model [27] is one of the models which are initially
applied to predict crystal habits, but the model lacks precision because it simulates possible crystal
facets merely according to geometric factors without considering the actual chemical environment,
so it was soon developed into the attachment energy (AE) model by Hartman and Bennema [28-30],
taking into account the energies of the system on the basis of the period bond chain (PBC) theory [31].
This kind of model is based on the attachment energy (Eatt), which is defined as the released energy
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when a growth slice attaches on to a growing crystal surface. The relative growth rate (Rpy;) of each
crystal face (h k 1) is assumed to be proportional to the absolute value of the attachment energy [28]:

Rk o |Eattl- (1)
The attachment energy (Eat) is calculated as
Eatt = Elatt - Eslice/ (2)

where Ej, is the lattice energy of the crystal and Egjice is the energy of a growth slice with a thickness
of dhkl-

However, the AE model was put forward to simulate ideal crystal morphology in the premise
of a vacuum environment, leading to a precision loss when the model was applied to solution
crystallization. As a matter of fact, solvent molecules adsorb on the crystal surfaces as solute molecules
do [32], which means that the growth of the crystal faces may be impeded by the solvent molecule
adsorption. In order to cover the effects of the solvent on crystal growth, a modified attachment
energy (MAE) model was developed. The modified model introduced an energy correction term Es for
the initial E, to take into consideration the effects of the solvent molecules on crystal faces, and the
modified attachment energy E’, is calculated in the following formula:

Elatt = Eat — Es, (3)

where Eg represents the binding energy between the solvent molecules and the crystal face (h k 1),
which it can be obtained using the follow equation:

4)

where Ap,y is the total crystal surface area of the simulated supercell along the (h k1) direction, and Aacc
represents the solvent-accessible area of the crystal face in the unit cell, which can be approximated
by the Connolly surface algorithm [33]. Ej+ was defined as the interaction energy between a specific
crystal face and the corresponding solvent layer, which can be calculated as follows:

Eint = Etot — (Esur + Esol)- (5)

In Equation (5), E¢ot means the total energy of the entire simulation box including all crystal and
solvent molecules, and Egy, and Eg,) represent the energy of the isolated crystal surface and solvent
layer, respectively.

After correction, the relative growth rate R’y in the MAE model was still in proportion to the
absolute value of the modified attachment energy |E’al:

R’ o |Eagtl- (6)

2.2. Simulation Details

The initial crystal structure of catechol (identifier CATCOL17) was obtained from CSD (Cambridge
Structural Database), derived from experiments by Clegg and Scott, with the space group of P2y/n (1 =
9.8326 A, b =5.5910 A, c = 10.467 A, a = y = 90°, = 114.988°) [34]. As shown in Figure 1, there are
four catechol molecules in the unit cell.

The entire geometry optimization and MD simulation process were implemented using the
program Materials Studio 6.0 (Accelrys, San Diego, CA, USA) [35] with the COMPASS force field,
which is a powerful ab initio force field with many accurate predictions of structures [36]. After the
initial downloaded crystal was optimized using the COMPASS force field, the similar lattice parameters
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of the two crystals listed in Table 1, proved that it was a suitable choice to use the COMPASS field since
the relative error of each parameter was less than 5%.

(a) (b)

P

Figure 1. The molecular structure (a) and the unit cell (b) of catechol.

Table 1. The comparison of the initial and the optimized lattice parameters of catechol.

Lattice Parameter a Q) b (A) c(Ad) a(°) B ) y©
Initial 10.941 5.509 10.069 90.000 119.000 90.000
COMPASS optimized 10.969 5.555 9.588 90.000 121.403 90.000
Relative error/% 0.26 0.83 4.78 0 2.02 0

After geometry optimization, the crystal habit of catechol in vacuum was predicted with the
growth morphology method in the morphology module, providing several potential growing crystal
faces that possibly existed in the solution environment. Based on the acquired morphologically
important faces (h k 1), the molecular models of catechol crystal surfaces were built by cleaving the
corresponding (h k1) faces from the crystal cell with a depth of 2—4 d};; and then extending the surface
to supercells containing m X n unit cells (specific data for each crystal face listed in Supplementary
Materials Table S1). The solvent effects were modeled using the Amorphous Cell module by setting
up a three-dimensional solvent box containing 200 randomly distributed solvent molecules and the
size of the solvent box was consistent with the crystal supercell and the thickness determined by the
solvent density.

Subsequently, a double-layer crystal-solvent interface model was constructed, and then a vacuum
layer with a thickness of 50 A was added onto the model box to avoid any additional effects of periodic
boundaries. After the interface model was geometrically optimized with catechol molecules fixed in
the crystal, the MD simulation was operated with NVT ensemble at 298 K, controlled by the Andersen
thermostat. The total duration of the simulation was 200 ps with a time step of 1 fs, and the data
were collected every 100 steps. In the non-bonding interaction calculation procedure, the standard
Ewald method was used to calculate the electrostatic interactions with an accuracy of 0.0001 kcal mol ™!
while the atom-based summation method was applied to calculate van der Waals interactions with
a cut-off distance (dc) of 15.5 A. The cleaving and extending operations were implemented to balance
the accuracy and simulation time [37], assuring that the length and width of the crystal supercell were
both no less than 2d., while the thickness of the solvent layer and crystal layer were greater than d. [38].

3. Experiment and Characterization

3.1. Materials

Commercial catechol (99% purity) was supplied by Tianjin Damao Chemical Reagent Factory
(Tianjin, China). Isopropanol, ethyl acetate and methyl acetate were provided by Tianjin Jiangtian
Chemical Technology Co., Ltd. (Tianjin, China). All reagents were of analytical grade purity and used
without further purification.
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3.2. Cooling Crystallization Experiments

Firstly, saturated solutions in isopropanol, methyl acetate and ethyl acetate at 298 K were prepared
based on the solubility data of catechol [39]. Then, the saturated solution was filtered into a double
jacketed crystallizer preheated to 298 K. Afterwards, the solution was slowly cooled to 288 K at a cooling
rate of 5 K per hour, using a thermostat (CF41, Julabo, Seelbach, Germany) with a £0.02 K temperature
stability. Afterwards, the crystals were obtained and dried for further solid characterization.

3.3. Crystal Characterization

Firstly, the crystal habits of the experimental catechol samples were observed by optical microscopy
(BX51, Olympus, Tokyo, Japan), and ten crystals in each solvent were randomly selected to measure
the aspect ratios. Then, the crystal forms of the dried products were detected by a powder X-ray
diffractometer (D/MAX-2500, Rigaku, Tokyo, Japan) at ambient temperature with a scanning rate of
8 degrees per minute. The data were collected using Cu K« radiation (AKx = 0.15406 nm) and the 20
scan range was 2°—40°.

4. Results and Discussion

4.1. Polymorph Identification

In general, changes in crystal morphology are probable to occur when polymorphism exists.
Numerous cases [40-42] indicated various crystal forms with diverse habits in different solvent
environments. Therefore, it is necessary to examine the crystal polymorphism of the products obtained
from different solutions. As illustrated in Figure 2, the catechol products crystallized from isopropanol,
methyl acetate and ethyl acetate have similar characteristic peaks with the raw material, proving that
all the samples were in the same crystal form as reported [43]. In addition, the simulated powder X-ray
diffraction (PXRD) pattern of the catechol obtained from CSD was consistent with the patterns of the
experimental crystals (Supplementary Materials Figure S1). The results suggest that no polymorphic
phenomenon occurred in our study, and it is reasonable to simulate crystal habits using the structure
obtained from CSD.
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Figure 2. Powder X-ray diffraction (PXRD) patterns of the catechol crystals: (a) the raw material and
the products crystallized from (b) ethyl acetate, (c) methyl acetate, and (d) isopropanol.
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4.2. Prediction of Catechol Crystal Morphology in Vacuum

Figure 3a depicts the crystal morphology of catechol in vacuum predicted by the AE model.
The prismatic crystal had six dominant faces, owing to not only crystallography geometry but also
intermolecular interactions. Figure 3b visualizes the interactions between the catechol molecules
calculated and generated by the Crystal Graph in the morphology module, with the blue and red lines
representing strong and weak interactions, respectively. Previous studies indicated that crystals grow
faster along the direction with strong molecular interactions [44]. Therefore, catechol crystals grow
faster along the blue line direction and the surfaces with fast growth rate may disappear, leaving the
slowly growing surface appear in the final morphology with six important faces, (10 -1),(101),(011),
(110),(002)and (11 —-1). In the AE model, the surface with higher absolute value of E, has stronger
ability to adsorb catechol molecules, which means a relatively faster growing rate of the crystal face,
and vice versa. As listed in Table 2, the most important face is (1 0 —1) occupying more than 48% of the
total habit facet area, followed by (11 —1) and (1 0 1) with 20% and 19% in total areas, respectively.
Therefore, (11 0), (002) and (0 1 1) faces grow faster with relatively larger |E,| among all the crystal
faces, which are of lower morphological importance and are more likely to disappear.

(@

Color Length (A)  Energy (kcal mol-1)

5.821 -6.830
S— 3.802 -5.419
_— 6.009 -4.987
— 6.131 -2.356
e 5.617 -2.119
e 5.555 -2.063
— 6.564 -1.191
— 7.383 -0.612

i

Figure 3. The predicted catechol crystal morphology in the vacuum (a) and the intermolecular
interactions in the catechol unit cell calculated by the Crystal Graph (b).

Table 2. The parameters of the catechol crystal faces in the vacuum predicted via the attachment energy

(AE) model.
Faces (h k1) Multiplicity dpia (A) Eas (kcal mol-1) Area (%)
(10-1) 2 8.19 -18.09 48.55
(101) 2 5.47 -43.45 19.10
011) 4 4.78 -46.15 10.97
(110) 4 471 -50.50 1.25
002) 2 4.68 -47.41 0.10
(11-1) 4 4.60 —37.64 20.03

4.3. Modified Results of Catechol Crystal Morphology in Solvent Systems

Consistent with the experiments, the MD simulation based on the MAE model was conducted
in three kinds of solvent systems: isopropanol, methyl acetate and ethyl acetate. Table 3 lists the
simulated results of the six significant crystal faces in the different solvents. The negative values
of Ejnt, which indicate the interaction energies between the solvents and the catechol crystal faces,
revealed that the solvent molecule adsorption was spontaneous because the process was exothermic.
The diverse absolute values of Es for different crystal faces in the solvents implied that the solvents had
different effects on each crystal face due to their distinct characteristics. However, ordered from largest
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to smallest, the |Es| values of the (10 1), (110), and (0 1 1) face were the top three in all three solvents,
which means that the interactions between the solvents and crystal faces were relatively strong on the
(110),(011)and (101) faces. After correction, the absolute values of the modified attachment energy
|E’att| were sorted as follows: (002)>(110)>(011)>(11-1)>(101)> (10 -1) in isopropanol,
(002)>(011)>(101)>(110)>(11-1)> (10 -1) in methyl acetate,and (002)>(101)>(011) >
(110)>(11-1)>(10-1) in ethyl acetate. Although the orders were not identical, the relatively most
fast-growing (0 0 2) face disappeared in all three solvent systems with the largest |E’4|. Meanwhile,
the (1 0 —1) face remained to take up the largest percentage of the crystal facet areas compared to the
crystal morphology in vacuum: 43.87% in isopropanol and more than 70% in the other two solvents.
For the crystal in methyl acetate, the (1 1 0) face had more area proportion than the (1 0 1) face due to
its slower growth rate with a smaller |E’4| value.

Table 3. Simulated results of the dominant crystal faces in isopropanol, methyl acetate and ethyl acetate *.

Solvent Faces Eiot Esur Esol Eint Es E 2t R'ha Area/%
Isopropanol  (10-1) —-11,206.93 —-3093.73 —7916.14 -197.05 -13.48 —4.61 1.00 43.87
(101) —-10,774.85 —2646.98 -7913.94 -213.93 -37.01 —6.44 1.40 35.57
011) -12,056.38 -3950.79 —7947.46 -158.13 -26.70 —19.45 4.21 -
(110) -12,186.14 -4017.98 —7954.85 -213.31 -30.16 -20.35 441 -
(002) —-10,824.04 —2703.56 —7877.07 —243.41 -17.44 -29.97 6.50 -
11-1) -11,326.17 —-3180.69 —7990.31 —155.17 -25.20 —12.44 2.70 20.56
1;1‘:22;1 10-1) —6423.31 -3093.60 —3046.64 —283.06 -19.36 1.27 1.00 70.81
(101) -6027.75 —2646.91 -3052.75 —328.10 -56.76 13.31 10.49 2.50
011) —-7330.46 —3950.59 —2990.34 —389.53 —65.77 19.63 15.47 -
(110) —7395.82 -4017.81 —-2971.41 —406.60 —57.48 6.98 5.50 14.97
(002) -6059.46 —2703.51 —3024.78 -331.17 -23.72 —23.68 18.67 -
11-1) —6504.15 —-3180.63 -3062.49 —261.03 —42.39 4.75 3.75 11.72
aligtla}lltle 10-1) —8963.16 —-3093.20 -5609.78 —260.18 -17.80 —-0.30 1.00 71.14
(101) —8479.98 —2646.54 —5548.65 —284.79 —49.27 5.82 19.65 3.98
011) -9801.90 —-3950.16 —5555.32 —296.41 —-50.05 3.90 13.17 -
(110) -9927.83 -4017.27 —5527.68 —382.88 -54.13 3.63 12.24 -
(002) —8487.97 -2703.17 —5532.21 —252.59 —-18.10 —-29.31 98.96 -
11-1) -9038.79 -3180.23 -5633.03 —225.53 -36.62 -1.01 342 24.88

1 All energies are in kcal mol .

As two or three crystal faces disappeared because of their relatively fast growth rate, the crystal
morphology of catechol obviously changed in the three solvent systems, which powerfully supported
the non-negligible effects of the solvents on crystal habits. In the results shown in Figure 4, the simulated
crystals basically conform with the experimental ones with prismatic, fusiform or hexagonal tubular
shapes in isopropanol, methyl acetate and ethyl acetate, respectively. Here we introduced the aspect
ratio of the crystal as a quantitive index to describe the differences between the crystals grown from
distinct solvent systems. As can be seen in Figure 4, the aspect ratio of catechol crystal was mainly
determined by the areas of the (1 0 —1) face and the (1 0 1) face, so here we defined the aspect ratio as
the length along the (1 0 —1) face divided by the width along the (1 0 1) face in order to summarize the
unified rules of morphology change. The calculated average aspect ratios of experimental crystals
are shown in Figure 5, in which the catechol crystal in isopropanol and ethyl acetate has the smallest
(1.29) and the largest aspect ratio (4.95), respectively. For the convenience of downstream processes,
crystal products with small aspect ratios were preferred with high flowability and unbreakable shapes.
Therefore, isopropanol may be the optimal solvent for catechol crystallization among the three solvents.
The obvious differences in aspect ratios may be attributed to the relative growing rate of the crystal
faces in specific solvent systems, which is fundamentally related to the effects of hydrogen bond or
solvent diffusion velocity. This will be discussed in the following sections.



Crystals 2020, 10, 316 8 of 16

(b)

J

Figure 4. The modified morphology with the modified attachment energy (MAE) model (on the left)
and the corresponding experimental crystal habits (on the right) of catechol in (a) isopropanol (IPA),
(b) methyl acetate (MAC), and (c) ethyl acetate (EAC).
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Figure 5. The aspect ratios of the catechol crystals obtained from solvents.
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4.4. Solvent—Crystal Interactions on the Interface

As discussed above, the modified attachment energy indicated the interactions between the crystal
layer and the solvent layer in the simulation box, which was of great significance to crystal morphology.
Apart from the attachment energy from a thermodynamic point of view, further comprehension of the
crystal-solvent interaction mechanism helped to optimize crystal morphology and select a suitable
solvent in industrial crystallization. Therefore, considerations should be taken into account, not only
for contact interface properties, but also for non-bonding interactions between crystals and solvent
molecules. All these factors contributed to understanding the solvent effects entirely.

4.4.1. Molecular Alignment on Crystal Surfaces

The anisotropy of the catechol crystal structure leads to a distinct molecular alignment on each
crystal face, and then gives rise to a different solvent molecular distribution at the solvent—crystal
interface [45]. Such differences caused by surface structure have crucial effects on the adsorption of
solvents on crystal faces, finally bringing changes to crystal growth and morphology. Here, we took
the MD-simulated equilibrium configurations of the interface model of catechol and methyl acetate
molecules as an example to explore how surface properties affected crystal-solvent interactions. As can
be seen in Figure 6, the alignment of methyl acetate molecules differed on the six crystal faces owing
to the diverse crystal surface structure. The catechol molecules on the (1 0 —1) face were arranged
relatively orderly and compactly to form a relatively flat surface. However, the catechol molecules
on the (01 1) and (0 0 2) faces were angled to the crystal plane, leading to a bumpy surface which
may surround more solvent and solute molecules. In addition, the molecular alignment makes polar
hydroxyl groups exposed on crystal surfaces, which was more favorable to the adsorption of solvent
molecules with polar groups. Different positions and angles of the exposed groups may have formed
various non-bonding interactions with distinct strength and provided different adsorption areas for
solvent molecules. Numerous methyl acetate molecules adsorbed on the grooves of (10 1), (01 1),
(110) and (0 0 2) faces, while for (1 0 —=1) and (1 1 —1) faces, relatively flat crystal surfaces were
unhelpful for molecule adsorption, which may have resulted in a smaller amount of adsorbed solvent
molecules on these faces compared to the others.

D A =TS

)

22 B
BBl st i
% P

(002)

Figure 6. Methyl acetate molecular alignment on the six main possible crystal faces of catechol via
a molecular dynamics (MD) simulation.
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4.4.2. Roughness of Surfaces

To quantitatively describe the surface properties, a parameter S was introduced to evaluate the

roughness of crystal surfaces:
Aacc

Abox

where Aacc and Apy represent the solvent-accessible area and surface area for the (h k 1) crystal surface

5 @)

in the unit cell, respectively. A larger S means a rougher surface with larger adsorption areas for the
solute and solvent molecules to interact with crystal surfaces. With the accessible areas of solvents
calculated by the Connolly surface model (showed in blue in Figure 7), Table 4 lists the calculated
S values of the crystal faces. Although the shapes of the solvent-accessible areas varied on each crystal
face, they all had periodic fluctuations which could form grooves of more contact area with solute and
solvent molecules. As shown in Table 4, the order of the roughness values for the six crystal faces was
asfollows: (101)>(011)>002)>(110)>((11-1)>(10-1). The (10 —1) face with the smallest
S value (1.23) provided the minimum areas for molecule incorporation, which meant it was probably
difficult for solute and solvent molecules to adsorb on this face compared with the other faces. This
was consistent with the relatively slow growth rate of the (1 0 —1) face, which led to a larger face area.
Similarly, the (1 1 0) face grew more slowly than the (1 0 1) face and had a larger area proportion in
methyl acetate. It is worth noting that the (0 0 2) faces with a moderate S value disappeared in all kinds
of crystals grown from solvent systems, while the (1 0 1) faces with the largest S value remain at last.
As can be seen from Table 3, the |Eg| values of the (1 0 1) faces were larger than those of the (0 0 2) faces
in all three solvents, which meant that the solvent molecules were more likely to adsorb on the (1 0 1)
face compared to the (0 0 2) face, leading to a stronger solvent inhibition on the growth of the (10 1)
face. As for the (0 0 2) face, less adsorbed solvent molecules provided possibilities for the continuous
adsorption of the solute molecules, which indicated a fast growth rate.

(10-1) (101) {011)

[110) 002) 11-1)

Figure 7. Solvent-accessible areas (the blue grid) of the six important faces of the catechol crystal
represented by the Connolly surface.

Table 4. The roughness values (S) of the dominant crystal faces of the catechol crystal.

Faces Apg (A2 Aace (A2) S
(10-1) 60.93 75.02 123
(101) 91.11 189.13 2.08
©011) 104.40 21154 2.03
(110) 105.99 179.81 1.70
002) 53.25 91.56 1.72
11-1) 108.51 158.59 1.46

4.4.3. Diffusion Coefficient

As mentioned above, the independent S values analysis was not entirely consistent with the
crystal morphology results. Therefore, another factor, the diffusion capacity of solvent molecules,
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was introduced to look into the solvent diffusion effects on crystal growth. Based on the well known
Einstein relationship [46], the diffusion coefficient (D) of the solvent molecules was defined as the
derivative of the mean square displacement (MSD) with respect to time [47]:

D=21im I YN () -ro), ®)

6t—codt

where N stands for the number of solvent molecules and r;(t) represents the position of the molecule i
at time ¢.

Stronger interactions existed between the solvents and crystal faces with larger D values due
to an increasing number of solvent molecules diffusing to the interface [21]. As listed in Table 5,
the D values were listed in the following sequence: (10-1)>(002)>(101)>(11-1)>(011)
> (11 0) in isopropanol, (10-1)>(002)>(11-1)>(@011)>(110)>(101)in methyl acetate,
and (10-1)>(101)>(002)>(11-1)>(110)>(011)in ethyl acetate. Compared with those of
isopropanol, the D values of methyl acetate and ethyl acetate were relatively large, indicating stronger
interactions with the crystal surfaces which were consistent with the values of Ej,; in the corresponding
solvent systems. Obviously, the diffusion coefficient on the (1 0 —1) face was the largest one among
the six crystal faces for all the three kinds of solvent molecules. This indicated that more solvent
molecules gathered on the (1 0 —1) face and strong interactions existed between the solvent molecules
and the crystal face although the adsorption areas provided by this face were small with the minimum
S value. Thus, for the factors affecting the growth of the (1 0 —1) face, the solvent—crystal interface
interaction was more dominant than the surface roughness. As a result, the (1 0 —1) face manifested
a relatively slow growth of the crystal face and the largest area in real morphology. Apart from the
large D value on (0 0 2) faces, the D values on crystal faces were in reasonable agreement with the
experimental crystal area results, as solute molecules were more likely to adsorb on the faces with
smaller D values, on which solvent molecules take less growth active sites [48]. For example, the (11 0)
and (0 1 1) faces disappeared in ethyl acetate with smaller D values (2.11 x 10~ m? s~ and 1.94 x
1079 m?s71, respectively), while the (1 1 0) and (0 1 1) face with small D values (0.67 X 107 m? s~ and
0.69 x 1077 m? s71, respectively) did not exist in the final morphology in isopropanol. Despite the high
D values on (0 0 2) faces, it was easier for solute molecules to adsorb on the crystal surface than it was
for the solvent molecules to form a new layer of catechol crystal because their |E’4| values were larger
than the corresponding |Es| values.

Table 5. The diffusion coefficient (D)! of the solvent molecules on the different catechol crystal faces.

Faces Isopropanol Methyl Acetate Ethyl Acetate
(10-1) 1.09 3.00 2.53
(101) 0.75 2.25 2.28
011) 0.69 2.57 1.94
(110) 0.67 2.52 2.11
(002) 0.91 2.88 2.21
(11-1) 0.74 2.82 2.18

L All D values are in 107 m2 s™1.

4.4.4. Solvent Effects on Crystal Aspect Ratios

Discussions on energies and surface structures on solvent—crystal interfaces have pointed out
some reasons for changes in crystal morphology. Apart from these factors, interaction types, especially
hydrogen bonds, are worth discussing in our case since catechol and the three kinds of solvent
molecules possess hydrogen and oxygen atoms to form hydrogen bonds.

The existence of hydrogen bonds is a significant factor affecting the types and the strength of
the interactions on solvent—crystal interfaces, which play a vital role in crystal morphology [49].
Therefore, the radial distribution function (RDF), g(r), was applied to explore the interactions on the
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solvent-crystal interfaces, which described how atom density varied as a function of the distance from
the specified hydrogen or oxygen atom [50].

In general, hydrogen bonds and van der Waals interactions belong to short-range interactions
whose effective intermolecular range is under 5.0 A. The effective range of hydrogen bonds is usually
defined to be within 3.1 A, while the range for van der Waals interaction is between 3.1 Ato5.0A[51].
Interactions that are effective above 5.0 A are called long-range interactions and usually refer to
electrostatic interactions [37]. As mentioned above, the aspect ratio was defined as the length along
the (1 0 —1) face divided by the width along the (1 0 1) face. From Figure 4 we can conclude that the
crystal length along the (1 0 —1) face was decided by the growth of the (1 0 1) face, while the crystal
width along the (1 0 1) face is mainly related to the growth of the (1 1 —1) face. So here we took the
examples of the RDF on the (1 0 1) face and the (1 1 —1) face in all three solvents in order to find the
solvent effects on crystal aspect ratios, with the outermost layer of each face analyzed because of its
proximity to solvent molecules. As shown in Figure 8, the positions of the first sharp peaks in red
were all in the range of 1.70-2.00 A, indicating that the oxygen atoms of the solvent molecules formed
a strong hydrogen bond with the hydrogen atoms of the catechol molecules on the (1 0 1) face and
the (11 —1) face. Therefore, the crystal face growth was inhibited by the solvent molecules adsorbed
around the crystal surface. With different positions and strengths of the peaks, the inhibition resulted
in diverse effects on the crystal face growth, which could be analyzed by the aspect ratios and face
areas in final crystal habits. In particular, as shown in Figure 8a, with larger numbers of sharper peaks
(r=1.71,2.49 and 2.87 A), the (1 0 1) face grew at a slower rate due to the stronger solvent inhibition in
isopropanol compared to those in methyl acetate and ethyl acetate, leading to a shorter crystal length
compared with those in the other two solvents. In other words, compared to that in isopropanol,
the crystal morphology turns longer as a hexagonal tabular shape in ethyl acetate with the relatively
weaker hydrogen bonds on the (1 0 1) face. The results were consistent with the R’y values of (10 1)
faces in Table 3 which indicated the relative growth rates (1.40 and 19.65 in isopropanol and ethyl
acetate, respectively). In addition, the crystal in methyl acetate had a fusiform-like morphology with
the existence of the (1 1 0) face (the RDF curve shown in Supplementary Materials Figure S2). It is
remarkable that the RDF curves of the (1 1 0) face and the (1 0 1) face showed great similarity in methyl
acetate, but the (1 1 0)face was larger than the (1 0 1) face in the final morphology. Thus, the catechol
crystal habit in methyl acetate was mainly related to the surface structure and the attachment energy
of the crystal faces.

The similar RDF curves of the (1 1 —1) faces in methyl acetate and ethyl acetate showed the same
numbers of peaks, but the peaks (r = 1.81 A) in ethyl acetate appeared earlier compared to those in
methyl acetate, which indicates the stronger inhibition of the (1 1 —1) face in ethyl acetate. The results
corresponded with the R’y values of the (1 1 —1) faces in Table 3 (3.42 and 3.75 in ethyl acetate and
methyl acetate, respectively). The relatively slow growth of the (11 —1) face led to a shorter crystal
width in the final morphology, increasing the aspect ratio of catechol crystal in ethyl acetate indirectly.
Therefore, the crystals tended to be longer in ethyl acetate than those in methyl acetate, which supports
the conclusion that the crystal aspect ratio was mainly dependent on the growth of the (1 0 1) and
(11 -1) faces. Apart from the peaks within 3.1 A, several peaks appeared in the range of 3.1-5.0 A and
above 5.0 A in all the RDF curves, indicating the existence of strong van der Waals and electrostatic
interactions between the selected atoms.

Above all, it can be concluded that the differences in the aspect ratio of the catechol crystals were
attributed to distinct growth inhibition effects of the three solvents mainly on the (10 1) and (11 -1)
faces. Strong hydrogen bonds exist between the hydrogen atoms of catechol and the oxygen atoms of
solvents in the three solvents, which becomes a non-negligible factor in catechol morphology, especially
the crystal aspect ratio.
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Figure 8. The radial distribution function (RDF) analysis between catechol and (a) isopropanol,
(b) methyl acetate, (c) ethyl acetate molecules on the (1 0 1) face (left) and the (1 1 —1) face (right).

5. Conclusions

In this study, we successfully simulated the crystal habits of catechol in isopropanol, methyl acetate
and ethyl acetate using the MAE model which takes solvent effects into consideration. The analysis
on the calculated attachment energy indicates that the interactions on solvent—crystal interfaces had
essential effects on catechol crystal morphology in all three experimental systems. Factors such as
surface structure and diversity of interaction types were explored to find their synergy for crystal shapes.

The (1 0 —1) face was the most morphologically dominant crystal face because its relatively flat
surface provided less adsorption sites for both solvent and solute molecules, leading to a relatively
slow face growth. The molecular alignment, roughness and diffusion coefficient analysis on dominant
crystal faces indicates that the (0 0 2) and (0 1 1) faces disappeared in final crystal morphology due to
the competitive adsorption of molecules favorable for solutes to continuously adsorb on the surface.
The RDF curves reveal that several types of interactions contributed to real crystal morphology in
solvent systems, of which the hydrogen bond was a crucial factor to analyze the change in the aspect
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ratios of crystal. The shape distinctions of catechol crystals were mainly attributed to the attachment
energy as well as the diverse strength of hydrogen bonds between solvent molecules and catechol
molecules on (1 0 1) and (1 1 —1) faces. Moreover, the simulated crystal morphology of catechol was
consistent with the crystallized ones obtained from all three solvents, proving the practicability of the
MAE model to select optimal crystal morphology in industrial crystallization using simulation methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/4/316/s1,
Table S1: The cleaved depth and size of catechol crystal faces to form a simulation supercell. Figure S1:
The simulated XRD pattern of catechol crystal. Figure S2: The RDF analysis between catechol and methyl acetate
on the (11 0) face.
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