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Abstract— The objectives of this study are to analyse the
morphology of fumaric acid crystal (form B) and to access
dissolution behaviour of fumaric acid crystal (form B) in
ethanol solution. For this study, the predicted morphology
obtained from the simulation using Material Studio 4.4 by
ACCELERYS. The combination hirshfield charges with
dreiding potential function gave the morphology (small needle
shape) for the crystal with lattice energy of -31.039 kcal/mol
and the percentage error is 1.46% when compare with the
experimental value, -31.50 kcal/mol. The morphology consists
of 10 main facets which are (010),(01-1),(1-10),(001),(1-
21),100),(1-20),(10-1),(02-1) and (1 -3 1). RDF and
MSD analysis show that facet (0 1 -1) is interact and dissolve
first in ethanol solution.
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I. INTRODUCTION

Fumaric  acid is the chemical compound
with the formula CsH4Os has been widely used as co-
crystal ~ former (CCF) in  pharmaceutical  industry.
CCF from carboxylic acid group was used to change
the  carboxamide  homosynthon in order to  form
supramolecular heterosynthon. (Roberts 2015) CCF
will combine with active pharmaceutical ingredient
(API) to form co-crystal.

In pharmaceutical, co-crystals have gain
many  considerations in  pharmaceutical industry  due
to their ability to improve the biological properties
and  physicochemical of free active pharmaceutical
ingredient (API). (Zhang et al. 2016). A co-crystal is
the combination of two or more different molecules
that are in solid state at room temperature in a crystal
lattice and the hydrogen bond help to stabilised the
structure. (Tomaszewska et al. 2013).

Co-crystals is one of the major
pharmaceutical materials use to improve the
solubility and dissolution rate.(Rahman et al. 2017)

Solubility is known as the main factors in the
performance of the drugs and the improvement of its
solubility is compulsory in the pharmaceutical

industry. The study on the crystal morphology must
be done before the analysis on its dissolution due to
the changes of the crystal morphology during the
crystallization process. The growth of surface
morphology is crucial on the interaction between the

crystals and their environment and also on the
mechanisms of crystal formation and its solubility.(Li
et al. 2000)

Molecular dynamics methods have been
used widely as an advance technology to obtain
important information about the process of
dissolution at the microscopic level and then compare
with  the  experimental results. Molecular  dynamics
have also have been wused in determining the
biological function such as protein-folding
thermodynamics and kinetics, self-assembly in
difficult fluids biological process, lipid bilayer
pressure  profiles for pharmaceutical uses related to

lipids, nucleic acids and proteins.(Toroz et al. 2014)

II. METHODOLOGY

In this work, morphology prediction and study on
dissolution  behaviour were done by wusing Material
Studio 4.4 by ACCERLYS.

A. Crystal Structure

The crystal structure of fumaric acid (Form B) was
obtained from  the  Cambrigde  Structural  Database
(CSD) (ref code: FUMAACO002). Fumaric  acid
(Form B) crystallizes in triclinic lattice with space
group 2 P-1, and lattice paremeters a= 5.264, b=

7.618, c= 4.487, a= 106.85°, b= 86.34°, c= 134.930

B. Computational Methods

The prediction of morphology and
fumaric acid (Form B) crystal was
using Material Studio 4.4 from ACCERLYS.

dissolution  of
carried out by

C. Atomic Charges

Atomic charges can be determined by using mol®
calculation by using Material Studio. There are three
charges that can be obtained from this method which
are mulliken, hirsfield and  electrostatic ~ potential
fitting (ESP). The setup for DMol® calculation used
for this study is the combination of GGA and BLYP.
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The task for this calculation is set as
optimization with medium quality.

geometry

D. Lattice Energy Determination and Morphology Prediction
In Material Studio, the potential functions used were
Compass, Compass26, Compass27, Dreiding,
Universal, CVFF, PCFF and  PCFF30. Each  of
potential  functions was combined with different type
of charges to obtain the value of lattice energy for
fumaric acid crystal (Form B). All the values of
lattice energy from different combination of potential
functions and charges from the mulliken, hirshfeld,
ESP and charges from the forcefield compared with
experimental value of lattice energy of fumaric acid
crystal (Form B) which is -31.50kcal/mol. The atomic
charges were assigned to the molecules and with the
selected potential functions were wused to predict the
morphology. The structure was subjected to geometry
optimization and then energy  minimization.  Then,
calculation on the value of Ilattice, also morphology
prediction.

E. Dissolution Prediction between Crystal and Solvent
Dissolution ~ behaviour  between  fumaric acid  crystal
and ethanol solvent is determined by wusing molecular
dynamic simulation by Material Studio 4.4. Ethanol
structure was taken from the structure file in Material
Studio. Then, the ethanol structure is optimized by
using force field and same setting as the morphology
prediction. After that, 3002 molecule of ethanol is
constructed in amorphous cell. Fumaric acid crystal
was fixed in the centre of the ethanol solvent and
optimization is carried out to standardize the energy
between the crystal and solvent. Finally, dynamic was
run with setting 20 ps to observed the interaction of
the crystal with ethanol solvent.

RESULTS AND DISCUSSION

A. Atomic Charges and Lattice Energy

Mulliken,  Hirshfield
are the charges that
energy. The combination
dreiding give the nearest
value. The value lattice
simulation is -31.04 kcal/
error when compared with experimental values,
-31.50kcal/mol ~ (derissen  1978) is  1.46%. Table 1
shows the comparison of the values for lattice energy
from the calculation with the experimental value.

and Electrostatic  potential (ESP)
used in calculating the lattice
of  hirshfield charges and
value to the experimental
energy obtained from the
mol and the percentage

Table 1: Lattice energy for morphology prediction

Potential charge type Elay (kcal/mol) | Percentage
Function error (%)
Experimental - -31.50 -
Compass Mulliken -35.51 -12.74
Hirsfield -16.69 47.02
ESP -45.90 -45.70
Dreiding Mulliken -69.18 -119.63
Hirsfield -31.04 1.46
ESP -72.28 -129.46
Universal Mulliken -23.94 23.99
Hirsfield -15.79 49.87
ESP -25.03 20.53
CVFF Mulliken -25.92 17.71
Hirsfield -16.13 48.87
ESP -27.99 11.13
PCFF Mulliken -24.97 20.72
Hirsfield -18.59 40.99
ESP -26.28 16.61

B. Morphology for fumaric acid crystal (Form B)

Figure 1: Morphology for fumaric acid crystal (Form B)

Based on Bednowitz et al, 1966 the experimental
shape for fumaric acid (Form B) crystal is a small
needle-shaped. The space group for the crystal is Pl
with lattice parameter a= 5.264 A, b= 7.618 A, c=
4487 A, a= 106.85°, B= 8633, y= 134.94° 7= 1.
From the simulation work, the combination hirsfield
charges with dreiding as the potential function give
the small needle-shaped morphology for the crystal.
The morphology has 10 wunique numbers of facets.

The numbers of facets that contribute to  the
morphology are (0 1 0), (0 1 -1), (0 0 1), (1 -2 1), (10
0), (1-10),(1-20),(10-1),(02-1)and (1-31).

C. Surface analysis for the crystal
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Figure 2: Cleaved crystal surface for morphology

(1 -2 0), (0 2 -1) and (1 -3 1) have high potential to

react first with ethanol due to the fumaric acid
molecule position on the surface. Fumaric acid from
functional group of carboxylic acid will interact with



> AHMAD IQBAL BIN ONDONG (B.ENG (HONS.) CHEMICAL AND PROCESS) < 3

ethanol (alcohols) to form esters. For surface (1 -2 0),

the OH- molecule from fumaric acid molecule is
above the surface will form bond with the H+
molecule  from  ethanol to  form  water.  Oxygen
molecule has two lone pairs of electrons will form
hydrogen bonds with two molecule of hydrogen.
Then, the fumaric acid molecule will react with R-O

of ethanol to form esters. Same with surface (0 2 -1)

and (1 -3 1) that have same position of fumaric acid
but with different orientation will have high
possibilities for interaction to occur. For surface (0 0

1) and (1 0 0) it can be predict that it will difficult for
the fumaric acid molecule to interact with the ethanol

because this two surface contribute a high total facet
area on the crystal morphology. The high total facet
for the both of the surface is contributed by high
value in lattice energy which are -8.34kcal/mol and -

8.55kcal/mol respectively.

D.Solvent Interaction with Fumaric Acid

(Form B)

Crystal

Radial distribution functions (RDF) is used to observe the
interaction between crystal facet and solvent molecules
through the interfacial models of fumaric acid (form B)
crystal surface or facet and the ethanol molecules. Figure 3
show the molecule that has high possibilities to interact first
with ethanol at different frames: frame 1(3a), frame 2 (3b),
frame6 (3c) and frame 11(3d). There are three molecules
that observe to be interacted first with ethanol and the
molecules is set as set 1, set 2 and set 3. Set 1 is molecule
form facet (1 0 -1) while set 2 and set 3 are from facet (0 1 -

1)

Figure = 3a:Fumaric acid ethanol
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RDF analysis at selected molecule of fumaric acid
crystal

RDF analysis were plotted to show the intermolecular
interaction between oxygen from fumaric acid
molecules and hydrogen from ethanol. Based figure
4, graph of RDF for set 1 (facet -1 0 1) it can be

observed that the pattern of the graph is sharp peak at

range from 09A to 1.5A and after that the graph
show the intensity pattern until the end. The sharp
peak  indicates the strong  hydrogen bond  exist

between O and H. Figure 5 show the RDF graph for
set 2 of fumaric acid and the pattern of the graph is
sharp peak is range between 1=0.9A and r=1.4A but
after that it can observe the intensity shape of the
graph. Figure 6 based on RDF graph of set 3 from
fumaric acid crystal. This graph show that the sharp
peak start at range same as set 1 and set 2 and also
intensity  pattern of  graph after the sharp peak
formation on the graph. The formation of peak on all
the graph is same but the difference that we can
observe is the g(r).The g(r) for set 1 (facet -1 0 1) is
25000 while 40000 and 20000 for facet (0 1 -1)
which contain set 2 and set 3 respectively. This show
that set 3 from facet (0 1 -1) of the crystal have more
possibilities to interact first with ethanol solution. For

the sharp peak it can be said that there is strong
hydrogen bond presence between O and H. Strong
van der Waals forces and the electrostatic interactions
between fumaric acid molecules and ethanol is shown

at wide peak.
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Figure 4: RDF graph at set 1
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Figure 5: RDF graph at set3
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Figure 6: RDF graph at set 3

E. Dissolution Behaviour of Fumaric Acid Crystal
(Form B) in Ethanol Solution

The dynamic simulation is run at 20.0 ps to observe
the interaction more clearly. After the simulation is
successful, we observe the interactions between
crystal and the ethanol solution. The interactions for

this simulation time is still fast but we can observe a
few molecules that can be said have high possibilities
to interact first with ethanol solution. Figure 7 below
show the interaction between fumaric acid crystal and
ethanol solution at 20.0 ps. At 20.0 ps, the mean
square displacement (MSD) is analysed to determine
the selected fumaric acid crystal molecule interaction
in ethanol solution. Figure 8 show the MSD graph for
set 1, molecule from facet (1 0 -1) and can be observe
that the crystal is dissolved into the ethanol solution
at 2.0 ps and the dissolution rate kept increase until
14.0 ps before it is gradually decrease at 16.0 ps
showing that the dissolution rate decreased. For facet
(0 1 -1) represent by set 2 and set 3. For set 2 , the
MSD graph shown on figure 9 shown that the
dissolution of the crystal can be observe at 4.0 ps but
then dissolution start to decrease after that and the
pattern of the graph is same until 20.0 ps. For set 3
the pattern of the MSD graph at figure 10 show that
the dissolution for the molecule is slow at the starting
of the simulation but then the dissolution rate
increased rapidly starting 16.0 ps wuntil the simulation
finished. From the slope of the graph, the diffusion
coefficient value can be obtained.Table 2 show the
diffusion values for facet (-1 0 1) and (0 1 -1).

Table 2:Self-diffusion of the interfacial model
of ethanol and fumaric acid.
Components Facet,hkl Diffusion coefficient,
cm?. S1
! ’ Fumaric Acid (-101) 0.1997
oty (01-1) 0.2973

Figure 7: Dynamic simulation interactions at 20.0 ps

MsD 1

o 2 4 6 8 10 12 14 16 18 20

~ Linear (1)

Figure 8: MSD for set 1

MSD 2

6 V= 0.557 7.

Figure 9: MSD for set 2

MSD 3

o 2 a
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III. CONCLUSION

The modelling process has
potential in pharmaceutical
important to determine the
molecular level. In this
is used to determine

been proven have

industry and
crystal behaviour at the
research, material studio 4.4
the morphology of the fumaric

high
very
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acid crystal (Form B) and its dissolution behaviour in
ethanol  solution.  The  predicted morphology  using
combination of  Hirshfeld charges and dreiding
forcefield produced small needle shape.The
dissolution of fumaric acid crystal in ethanol solution
can be observed by dynamic simulation at 5.0 ps and
20.0 ps but the RDF and MSD analysis are observe at
20.0 ps to see the clear interaction of fumaric acid
crystal and ethanol. Facet (0 1 -1) 1is observed to

dissolve first in ethanol solution based on RDF and
MSD analysis. So, the dynamic simulation time can
be increase so that we can clearly observe the

movement of fumaric acid crystal to interact with the

ethanol solution.
ACKNOWLEDGMENT

First of all, would like to express my deepest thanks to my
supervisor, Dr. Siti Nurul ‘Ain Yusop for giving necessary
guidance and advices during my research. My gratitude to Dr
Nornizar Anuar and Sir Muhamad Fitri Othman that give many
helps and make sure that I can complete this report at the appointed
time.Lastly, I would like to thanks to my family whose love and
always support me. They are my inspiration that help me to
complete this report. I am also grateful to Allah for giving strength
to finish this work.

References

Almansa, Carmen et al. 2017. “Co-Crystal of Tramadol
Hydrochloride-Celecoxib (Ctc): A Novel API-API Co-
Crystal for the Treatment of Pain.” Crystal Growth and
Design 17(4): 1884-92.

Anand, Abhinav, and G.N. Patey. 2017. “Molecular Dynamics
Simulation of Aspirin Dissolution.” Journal of Molecular
Liquids.
http://linkinghub.elsevier.com/retrieve/pii/S0167732217343
908.

Bukovec, Polona, Anton Meden, Matej Smrkolj, and Franc Vrecer.
2015. “Influence of Crystal Habit on the Dissolution of
Simvastatin Single Crystals.” Acta Chimica Slovenica 62(4):
958-66.

Cheney, Miranda L. et al. 2011. “Coformer Selection in
Pharmaceutical Cocrystal Development: A Case Study of a
Meloxicam Aspirin Cocrystal That Exhibits Enhanced
Solubility and Pharmacokinetics.” Journal of
Pharmaceutical Sciences 100(6): 2172-81.

Domanska, Urszula, Aneta Pobudkowska, Aleksandra Pelczarska,
and Lukasz Zukowski. 2011. “Modelling, Solubility and
pKa of Five Sparingly Soluble Drugs.” International
Journal of Pharmaceutics 403(1): 115-22.

El-Gizawy, Sanaa A., Mohamed A. Osman, Mona F. Arafa, and
Gamal M. El Maghraby. 2015. “Aerosil as a Novel Co-
Crystal Co-Former for Improving the Dissolution Rate of
Hydrochlorothiazide.” International Journal of
Pharmaceutics 478(2): 773-78.
http://dx.doi.org/10.1016/j.ijpharm.2014.12.037.

Fukte, Sulbha R., Milind P. Wagh, and Shilpi Rawat. 2014.
“Coformer Selection: An Important Tool in Cocrystal
Formation.” International Journal of Pharmacy and
Pharmaceutical Sciences 6(7): 9-14.

Gholizadeh, Reza, Yujun Wang, and Yang—Xin Yu. 2017.
“Molecular Dynamics Simulations of Stability at the Early
Stages of Silica Materials Preparation.” Journal of
Molecular Structure 1138: 198-207.
http://www.sciencedirect.com/science/article/pii/S00222860
1730282X.

Greiner, Maximilian et al. 2016. “Multiscale Modeling of Aspirin
Dissolution: From Molecular Resolution to Experimental
Scales of Time and Size.” CrystEngComm 18(28): 5302—12.
http://xlink.rsc.org/?DOI=C6CE00710D.

Hurley, L A, A G Jones, and ] N Drummond. 1997. “Growth and
Dissolution Kinetics of Cyanazine Crystals in Aqueous
Ethanol Solutions.” Journal of Crystal Growth 172(3-4):
499-507.

Issa, Nizar, Panagiotis G Karamertzanis, Gareth W A Welch, and
Sarah L Price. 2008. “Can the Formation of Pharmaceutical
Cocrystals Be Computationally Predicted? 1. Comparison of
Lattice Energies.” Crystal Growth & Design 9(1): 442-53.
http://dx.doi.org/10.1021/cg800685z.

Li, Tonglei L, Kenneth R Morris, and Kinam Park. 2000.
“Influence of Solvent and Crystalline Supramolecular
Structure on the Formation of Etching Patterns on
Acetaminophen Single Crystals: A Study with Atomic Force
Microscopy and Computer Simulation.” Journal of Physical
Chemistry B 104(9): 2019-32.

Lin, Jingxiang et al. 2017. “Co-Crystal of 4,4’ -Sulfonyldianiline
and Hexamethylenetetramine: Supramolecular Interactions
and Thermal Stability Studies.” Journal of Molecular
Structure 1149: 452-56.

Merisko-Liversidge, Elaine, Gary G. Liversidge, and Eugene R.
Cooper. 2003. “Nanosizing: A Formulation Approach for
Poorly-Water-Soluble Compounds.” European Journal of
Pharmaceutical Sciences 18(2): 113-20.

Rahman, Fatinah Ab et al. 2017. “Carbamazepine-Fumaric Acid
and Carbamazepine-Succinic Acid Co-Crystal Screening
Using Solution Based Method.” 8(2): 136—40.

Shayanfar, Ali, Sitaram Velaga, and Abolghasem Jouyban. 2014.
“Fluid Phase Equilibria Solubility of Carbamazepine ,
Nicotinamide and Carbamazepine — Nicotinamide Cocrystal
in Ethanol — Water Mixtures.” Fluid Phase Equilibria 363:
97-105. http://dx.doi.org/10.1016/j.fluid.2013.11.024.

Shi, Wenyan et al. 2016. “Crystal Morphology Prediction of 1,3,3-
Trinitroazetidine in Ethanol Solvent by Molecular Dynamics
Simulation.” Journal of Molecular Graphics and Modelling
64: 94-100.

Siskos, Michael, Nikos Boukos, and Stavroula Skoulika. 2006.
“Crystal Growth & Design 2006.” Growth (Lakeland).

Song, Liang, Lizhen Chen, Duanlin Cao, and Jianlong Wang.
2017. “Solvent Selection for Explaining the Morphology of
Nitroguanidine Crystal by Molecular Dynamics
Simulation.” Journal of Crystal Growth.
https://doi.org/10.1016/j.jcrysgro.2017.09.026.

Sun, Xiaoxue, Yuzhu Sun, and Jianguo Yu. 2015. “Crystal
Structure of Aluminum Sulfate Hexadecahydrate and Its
Morphology.” Crystal Research and Technology 50(4):
293-98.

Thompson, Laura. 2013. “Synthesis and Structure Determination
of Molecular Cocrystals By.” : 376.
http://etheses.bham.ac.uk/4007/1/Thompson13PhD.pdf.

Tomaszewska, Irena et al. 2013. “Pharmaceutical Characterisation
and Evaluation of Cocrystals: Importance of in Vitro
Dissolution Conditions and Type of Coformer.”
International Journal of Pharmaceutics 453(2): 380-88.
http://dx.doi.org/10.1016/j.ijpharm.2013.05.048.

Toroz, D. et al. 2014. “Molecular Dynamics Simulations of
Organic Crystal Dissolution: The Lifetime and Stability of
the Polymorphic Forms of Para-Amino Benzoic Acid in
Aqueous Environment.” Journal of Crystal Growth 401: 38—
43.

Wang, Yuan, and Zuozhong Liang. 2017. “Solvent Effects on the
Crystal Growth Structure and Morphology of the
Pharmaceutical Dirithromycin.” Journal of Crystal Growth
480: 18-27. https://doi.org/10.1016/].jcrysgro.2017.09.032.

Xiong, Shuling, Shusen Chen, and Shaohua Jin. 2017. “Molecular
Dynamic Simulations on TKX-50/RDX Cocrystal.” Journal
of Molecular Graphics and Modelling 74: 171-76.
http://dx.doi.org/10.1016/j.jmgm.2017.03.006.

Yang, Yang et al. 2018. “Crystal Morphology Optimization of
Thiamine Hydrochloride in Solvent System: Experimental
and Molecular Dynamics Simulation Studies.” Journal of
Crystal Growth 481: 48-55.



> AHMAD IQBAL BIN ONDONG (B.ENG (HONS.) CHEMICAL AND PROCESS) <

http://linkinghub.elsevier.com/retrieve/pii/S0022024817306
292.

Yani, Yin, Pui Shan Chow, and Reginald B H Tan. 2016. “Pore
Size Effect on the Stabilization of Amorphous Drug in a
Mesoporous Material: Insights from Molecular Simulation.”
Microporous and Mesoporous Materials 221: 117-22.
http://dx.doi.org/10.1016/j.micromeso.2015.09.029.

Zhang, Dejiang et al. 2017. “Progress of Pharmaceutical
Continuous Crystallization.” Engineering 3(3): 354—64.
http://dx.doi.org/10.1016/J.ENG.2017.03.023.

Zhang, Min et al. 2017. “Crystal Engineering of Ibuprofen
Compounds: From Molecule to Crystal Structure to
Morphology Prediction by Computational Simulation and
Experimental Study.” Journal of Crystal Growth 467: 47—
53. http://dx.doi.org/10.1016/].jerysgro.2017.03.014.

Zhang, Xiaoming et al. 2016. “Synthesis, Characterization and
Dissolution of Three Pharmaceutical Cocrystals Based on
Deferiprone.” Journal of Molecular Structure 1108: 560—66.
http://dx.doi.org/10.1016/j.molstruc.2015.12.055.



