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In this study, the solid structure, dissolution behavior, thermodynamic properties and nucleation kinetics
of malonamide were explored. Firstly, the Hirshfeld surface analysis and molecular electrostatic potential
surface were plotted to reveal the percentage contribution of various intermolecular contacts and loca-
tion of the strongest hydrogen bond. Next, the solubility of malonamide in 12 solvents was determined
by dynamic method at temperatures from 278.15 K to 318.15 K. Four thermodynamic models were
applied to analyze solubility results. In addition, the thermodynamic properties were calculated to fur-

ﬁi‘gs;’;} de ther analyze and discuss the dissolution behavior of malonamide. Moreover, the physicochemical prop-
Solubility erties of solvents were explored to express the solvent effects. The results illustrate “like dissolves like”,

“mass transfer” and “solvent-solute interaction” rules play the synergistic effects on the dissolution pro-
cess. The molecular dynamic simulation, including radial distribution function analysis and solvent free
energy, was used to further explain the dissolution behavior. At last, the nucleation rate and effective
interfacial energy in methanol solvent was measured and calculated to reveal the nucleation behaviour.
© 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
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1. Introduction

Malonamide (as shown in Fig. 1, C3HgN,0,, CAS registry NO.
108-13-4), is often used as an intermediate compound to produce
the pharmacologically active derivatives in the pharmaceutical
field [1,2]. Several derivatives of malonamide have been patented
for some disease treatment, such as treatment for sebaceous gland
disorders and cardiovascular disorders. So far, three crystal forms:
form I (monoclinic system), form II (tetragonal system), form III
(orthorhombic system), have been reported, and the calculated
morphology is shown in Fig. S1 in Supplementary Material. Among
three crystal forms, the other two crystal forms can be prepared by
stable form I [3]. To be specific, the form IIl can be prepared by
melting the form I at 184 °C, and allowing the sample to cool down
to room temperature in the oven. The form II can be obtained by
two approaches: solid state grinding or annealing above 136 °C,
and both the two approaches are used form I as the raw materials.

In pharmaceutical field, solution crystallization is proved as an
efficient pathway to improve the crystal products performance and
optimize the physical properties of the crystal products, such as
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purity and crystal morphology, etc. Moreover, the crystal features
not only deeply affect the downstream handling and processing,
but end-use functional properties, such as filterability, flowability
etc. [4-6]. For example, the flack-shape and long needle-shape
crystals are not desirable. The former tends to form an imperme-
able layer, which is not benefit for filtration and washing. The latter
morphology seriously impacts the blending process and the final
tableting operation because of the poor flowability. While, block-
like crystals are welcome in the industrial production, especially
in the pharmaceutical field, which filter and blend more readily.
As a result, developing efficient approaches to prepare the desired
characteristics of the product has gained wide interests. Crystal-
lization has been demonstrated as an efficient crystal quality
improvement method [7-9]. Solubility is an essential parameter
during the solution crystallization, determining the equilibrium
state and optimized operational trajectory. It is also significant
for the crystallization conditions selection, process optimization,
and designing solution crystallization pathways.

In this study, the malonamide (form I) is chosen as the model
compound. The solid-state properties are firstly investigated to
analyze the intermolecular interaction in malonamide crystals.
Then, the solubility of malonamide in 12 common solvents is
researched by dynamic methods from 278.15 K to 318.15 K. Four
thermodynamics models are introduced to fit and analyze the
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Fig. 1. Molecular structure of malonamide.

experimental outcomes, and the mixing properties are also calcu-
lated to analyze the dissolution behavior of malonamide. Further-
more, the molecular simulation, including solvent free energy and
radial distribution function, are applied to further analyze solubil-
ity results. At last, the nucleation dynamic parameters of malon-
amide: nucleation rate and effective interfacial energy, are also
investigated in methanol system.

2. Experimental
2.1. Materials

Malonamide (mass fraction > 99.0%) was supplied by Shanghai
Aladdin Biochemical Technology Co., Ltd. (China). The solvents
were supplied by Tianjin Kemiou Chemical Technique Co., Ltd.
(China) with purity >99.5%. The detailed information of solute
and solvents are presented in Table S1 (See Supplementary
Material).

2.2. Powder X-ray diffraction and thermal analysis

The powder X-ray diffraction (PXRD) was applied to analyze the
solid form of malonamide during the experiments. The PXRD
patterns were collected by D/MAX-2500 (Rigaku, Japan) with Cu
K, radiation (0.15405 nm) over the diffraction angle (20) rang of
2°-40° at the speed of 8° min~'. The differential scanning calorime-
ter (DSC 1, Mettler-Toledo, Switzerland) was applied to character-
ize thermodynamic properties of the malonamide. About 5 mg
malonamide was heated from 303.15 K to 473.15 K at a heating

rate of 10 K-min~".

2.3. Solubility measurements

In this study, the solubility of malonamide in 12 solvents was
investigated by the dynamic approach from 278.15 K to 318.15 K
[10,11]. The dissolution process was detected by a laser monitoring
system containing laser generator, the photoelectric transformer
and the light intensity display and the temperature was regulated
by a thermostatic water bath (CF41, Julabo, Germany). During the
dissolution process, the temperature was monitored by the elec-
tronic thermometer, and the standard uncertainty is 0.1 K. The
mass of the solvent and solute was measured by an analytical bal-
ance (ML204, Mettler-Toledo, Switzerland), and the standard
uncertainty is 0.0001 g. Firstly, at least 20 g solvent was added to
the test tube. Then, the test tube was placed on the magnetic agi-
tator with the stirring speed of 400 r-min~!. At the same time, the
laser system proceeded to monitor the dissolution process, in
which the laser beam index intensity changed with the dissolution
process simultaneously. The intensity increased with particles dis-
solution, and the intensity reached its maximum when the parti-

cles dissolved totally. At first, the intensity dropped sharply
when the solute was added, and rose tenderly during the process
of dissolution, and reached the peak after the solute was com-
pletely dissolved. Next, additional solute (less than 2 mg) was sup-
plied into the test tube and the laser intensity dramatically
decreased, then increased slowly as the dissolution of solute. This
procedure was repeated for some times until the intensity beam
dropped and maintained at a constant value for at least 5 h after
the last addition. When the strength value did not reach a rela-
tively constant maximum, the system was considered to achieve
the solid-liquid equilibrium state. The mass of the malonamide
put into the tube was recorded as m;, and the mass of solvent
was recorded as m,, the solubility x; can be obtained by Eq. (1),
where M; and M, were the molecular weight of solute and solvent,
respectively.

m1/M1

X1=—" 1
! my /My +my /M, M

2.4. Intermolecular interactions analysis

2.4.1. Hirshfeld surface analysis

As the convenient and efficient tool, Hirshfeld surface and 2D
fingerprint were introduced to determine the intermolecular inter-
actions of malonamide. The Crystal Explorer 17.5 software was
adopted to obtain the plots of malonamide at B3LYP/6-31G(d) level
[12].

2.4.2. Molecular electrostatic potential surface (MEPS)

MEPS was extensively used to describe the overall distribution
of intermolecular charges and intermolecular interactions. The
molecular structure of malonamide was optimized and performed
by Density Functional Theory with the B3LYP hybrid functional at
6-311G (d, p) and 6-311+G (d, p) level in Gaussian 09 software, and
the results were analyzed by Multiwfn software [13].

2.5. Molecular simulation

2.5.1. Solvation free energy

As an effective parameter, solvation free energy, is used to ana-
lyze the interaction between the solute and solvent, which refers to
the energy change of solute phase when transfers from vapor to
the solvent phase. The Dmol3 module in Material Studio was
applied to obtain the construct files. The solute and solvent molec-
ular structures were optimized, and the energy file was obtained.
Then, the molecular structure was optimized by COSMO Solvation
model and the solvation free energy was calculated by COS-
MOtherm software [14,15].

2.5.2. Radial distribution function (RDF) analysis

RDF represents the appearing frequency of atoms for a specific
atom at a distance, which can be used to investigate the interaction
between molecules. The RDF analysis was conducted by Material
Studio software with the force field of COMPASS (Condensed-
phase Optimized Molecular Potentials for Atomistic Simulation
Studies) along with the forcefield assigned charges. The electro-
static interaction was calculated by the Ewald method with an
accuracy of 0.418 J-mol~', and the van der Waals interaction was
calculated by the atom-based method with a cutoff distance of
1.55 nm. The supercell with dimensions of larger than 3.1 nm
was built in Amorphous Cell module by malonamide and solvent
molecules based on the solubility of malonamide at 298.15 K. After
the geometry optimization of supercell, the dynamic simulation
was proceeded with NVT and NPT ensemble (constant particle
numbers (N), volume (V), pressure (P) and temperature (T)) in turn
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for 1000 ps at 298.15 K and 101.3 kPa in Forcite module. At last,
RDF results could be obtained from the simulation trajectory
[16,17].

2.6. Nucleation kinetics

Moreover, the nucleation kinetics of malonamide was also
researched under different supersaturations. The solubility data
in methanol were employed to prepare solution with different
supersaturations [18-20]. The supersaturation S is defined as x*/
x, where x* is the real mole fraction, and x is the equilibrium solu-
bility value under the temperature points. In this study, four super-
saturations: 1.15, 1.2, 1.3 and 1.4 were chosen to investigate the
nucleation rate and kinetics parameters. At the beginning, appro-
priate amounts of malonamide and 40 ml methanol were trans-
ferred into a 50 ml beaker to form the stock solution. The stock
solution was kept at 318.15 K by a thermostatic bath, and stirred
at 200 r-min~! for few hours. After the malonamide was dissolved,
3 ml solution was filtered by the syringe filter (0.22 pm) and dis-
pensed into a 10 ml glass vial with the plastic capsule to avoid sol-
vent evaporation. The glass vial was maintained at 318.15 Kfor 2 h
with the stirring speed of 200 r-min~"' to avoid the thermal history
effect. Then, the glass vial was moved to a jacketed crystallizer con-
trolled at 293.15 K to create the supersaturation for nucleation, and
the agitation was kept at 200 r-min~'. The induction time was con-
sidered as the interval between the time when the supersaturation
was established and the time when the nuclei appear. The nuclei
appearance was observed by a digital USB optical microscope.
For each supersaturation, the induction time was measured for
80 times to obtain the probability distribution.

3. Thermodynamic Models

To better examine the solubility results, four thermodynamics
models are introduced to analyze the solubility data. Meanwhile,
the thermodynamic properties are also obtained by the NRTL
(non-random two liquids) model.

3.1. Apelblat equation

Apelblat equation is considered as a semiempirical model and
used to evaluate the correlation between temperature and mole
solubility [21], as listed in Eq. (2).

InX; =A+B/T+CInT 2)

where T refers to the absolute temperature, and A, B and C are the
process parameters, which are closely related with the solution
and enthalpy effects.

3.2. 2h equation

The 4h Eq. (3) is adopted to explain the solubility rules in the
solvent of choice according to the solid-liquid equilibrium [22,23].

In <1 +%‘l’“)> :th—Tl—m) 3)

Tm and T are the melting point of malonamide and absolute
temperature of the system, respectively. 4 and h are the parameters
of the equation.

3.3. NRTL model
NRTL model is introduced to describe and explain the excess

Gibbs energies of nonideal mixtures [24,25]. The model can be pre-
sented by Egs. (4)-(7).

2
7;iG; 7:Gii
Iny =x|—"1 0

X+ Gix;)” (% + Gyxi)?
Gij = exp(—0Tyj) (5)
o = o = o 6)
Tyj = (8 — 8;)/RT (7)

yi is the activity coefficient. t; and 7; are the equation dimension-
less interaction parameters. g; and gj stand for the interaction
energy parameters. oy, o;; and o are relate with non-randomness
in the mixture, which can be adjusted between 0.2 and 0.47.

3.4. van’t Hoff equation

At last, van't Hoff equation Eq. (8) is introduced to calculated
the correlations between mole fraction solubility and the abso-
lutely temperature [26].

Inx; =a/T+b (8)

where a and b represent the fitting parameters related to the
enthalpy and entropy of the solution.

4. Results and Discussion
4.1. Characterization of malonamide

To determine the crystal form of malonamide during the disso-
lution process, excess amount of the malonamide was added in the
twelve solvents for at least 6 h under 400 r-min~'. Then, the sus-
pension particles were characterized by the PXRD. The patterns
of PXRD shown in Fig. 2 indicate that the malonamide remains
the same solid form during the experiments.

The melting enthalpy and melting point of the malonamide was
measured by the differential scanning calorimeter (DSC), and the
result is presented in Fig. 3. The melting point (T;,) and melting
enthalpy (AgsH) of malonamide obtained by DSC are (440.67 + 0.
5) K and 29.08 kJ-mol~! (with 1.454 kJ-mol~' uncertainty at 0.95
level) respectively, which are consistent with Ref. [2].

4.2. Hirshfeld surface analysis

In this section, the solid properties of malonamide were
revealed by the Hirshfeld surface analysis. This analysis method
is an essential tool to calculate and interpret the intermolecular
interaction without changing the molecule structure. 2D finger-
print plots are applied to emphasize particular close contact, visu-
alize the intermolecular interactions of malonamide crystal where
de and d; are the distances of points on surface to the nearest exter-
nal and internal atoms, respectively [27-30].

The 2D fingerprint patterns and the main percentage of relative
intermolecular interactions of the malonamide are shown in Fig. 4.
Obviously, the O- - -H contact is the dominated interaction, account-
ing for 50.3% to the Hirshfeld surface. Next, the H- - -H contact also
plays the significant role in the crystal structure of malonamide,
and comprises 33.5% of the Hirshfeld surface area. It seems that
the molecular surface is formed by a sea of H and O atoms. Other
weak intermolecular interaction: N---H, C---H and O---N contact,
can contribute to 7.0%, 5.1% and 2.5% of the Hirshfeld surface area,
respectively.
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Fig. 2. The PXRD patterns of malonamide.
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Fig. 3. DSC curve of the malonamide.

4.3. Molecular electrostatic potential analysis (MEPS)

The MEPS of malonamide is presented in Fig. 5, where the blue
area stands for the positive potential surface of malonamide and
the red area is the negative potential surface [12]. It can be found
that the most negative potential of malonamide is shown around
the O atom (—152.99 k]-mol~"), while the most positive potential
is observed around N atom (169.88 kJ-mol~!). With hydrogen bond
donors and acceptors, the malonamide molecules are more likely
to make the hydrogen bonding interaction with several solvents,
which can promote the dissolution process of solute.

4.4. Solubility determination

The solubility of the malonamide in twelve solvents is investi-
gated from 278.15 K to 318.15 K by the dynamic method. The sol-
ubility results at different measured points are presented in
Table S2 and Fig. 6. Apparently, all the solubility data increase with
the temperature increases for the reason that the intermolecular
interaction between the solute and solvent increases with increas-

ing the temperature. The malonamide shows large solubility in N-
methyl pyrrolidone and N,N-dimethylformamide systems, while
exhibits very slight dissolution capacity in acetonitrile and acetone
systems. Besides, the solubility of malonamide in water, N,N-
dimethylformamide, formamide and N-methyl pyrrolidone is
much higher than that in other eight solvents. For five alcohol sys-
tems, the malonamide possesses the highest solubility in methanol
system, which is far higher than other four solvent systems, fol-
lowed by ethanol system. The solubility data in n-propanol, iso-
propanol and 1-butanol are relatively close.

4.5. Data analysis and thermodynamic properties

Two calculated parameters: average relative deviation (ARD)
and root mean square deviation (RMSD), are used to examine the
experimental results and the applicability of the models, listed in
Egs. (9), (10), where x{*® and x{%! are the experimental and fitting
solubility, and N is the number of experimental points.

1 N
ARD = —
N2

XiEXP _ xl;al
P

9)

AmixS = —R(x1Inx; + x;1nx;) (10)

The ARD and RMSD values and the fitting parameters of four
thermodynamic models are summarized in Tables S3-S6. The big-
gest ARD value is less than 7% in four thermodynamics models,
indicating an accurate measured result. The Apelblat equation pos-
sesses the best fitting outcomes with smallest ARD values.

Moreover, the thermodynamic properties of the malonamide in
twelve solvents: mixing enthalpy (AmixH), mixing Gibbs free
energy (AmixG) and mixing entropy (AnixS), are obtained by NRTL
model [31,32]. The mixing properties could be analyzed based on
Eqs (11)-(13).

AmixGY = RT(x11nx; + x;1nx,) (11)
H - G* A(GE/T)
E_°° — M E - 2
St = H T (12)
AmixHY =0 (13)

where x;and x, mean the mole fraction of the solute and solvent.
In real solvent systems, the mixing properties: AnixG, AmixS and

AmixH, can be calculated by Eqs (14)-(16). G, St and HE are the

excess properties, which can be obtained by Eqs (17)-(19).

AmixG = GE + AmixGid (14)
AmixS = SF + ApixS™ (15)
AmixH = HE + ApixH' (16)
G* = RT(x;1ny, + X,1ny,) (17)

£ 520G/

HE - GF

E__

S =" (19)

where 77 and y, are the activity coefficient for the components in
real solution. The outcomes of A,;xG are provided in Table S7 and
Fig. 7. All the AnixG values are negative, showing that the mixing
process is a spontaneous process. Besides, the An,ixG values in
water, dimethyl formamide, formamide and N-methyl pyrrolidone
systems are more negative than the other systems, which is corre-
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Fig. 4. 2D fingerprint plots of malonamide (1 A=0.1 nm).

Fig. 5. The MEPS of malonamide.

sponding with higher solubility in the four solvent systems. All the
absolute values of A,ixG increase with the temperature, illustrated
that increasing temperature favors the dissolution process [26].

The AnixS results calculated from the NRTL model are presented
in Fig. 8 and listed in Table S7. All the A,;xS values increase with
the temperature, and the A,;S in water, dimethyl formamide, for-
mamide and N-methyl pyrrolidone systems are much higher than
the other solvent systems.

4.6. Solvent effects analysis

In this study, the model compound, malonamide possesses
hydrogen acceptor and donor groups, which means that it may
exhibit higher solubility in the higher polarity solvent systems.
Besides, other solvent effects could also be considered to determine

the dissolving processes [27,33]. Therefore, several solvent proper-
ties: cohesive energy density, polarity, hydrogen bond donor and
acceptor ability, dielectric constant and viscosity at 298.15 K are
shown in Table S8, to explain the dissolution behavior [34,35].
The solubility results effected by physicochemical properties in five
alcohol systems are shown in Fig. 9. Except for the 1-butanol and
iso-propanol systems, the solubility values in other systems
increase with the solvent polarity, as listed in the following
sequence: methanol > ethanol > n-propanol, which can be inter-
preted by the “like dissolves like” principle [36]. Besides, the viscos-
ity of the alcohol solvents is also investigated to explain the
dissolution rules. Higher viscosity can cause higher mass transfer
resistance, resulting in lower solubility values. For the methanol
and ethanol systems, the two solvents possess the highest polarity
but lowest viscosity among the five alcohol systems. So, the malon-
amide displays higher solubility in methanol and ethanol. However,
the polarity and viscosity rules cannot explain the solubility result
in 1-butanol solvent, and the cohesive energy density is proposed to
analyze the dissolution process in the butanol system. Higher value
means higher solvent-solvent interactions but lower solvent-so-
lute interactions, causing lower solubility values [37,38]. 1-
Butanol possesses the lowest cohesive energy density, causing the
higher solute-solvent interactions and higher solubility value.
Overall, the solubility results are caused by several intermolecular
interactions and solvent properties, and single kind of intermolecu-
lar interaction may not explain the solubility results accurately.

4.7. Molecular dynamic simulation
RDF analysis and solvation free energy are introduced to better

explain the dissolution behavior and visualize the solubility
difference.
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4.7.1. RDF analysis

RDF analysis is a resultful method to display the interaction of
chosen atoms. In the RDF diagram, a peak located at 0.15-0.3 nm
stands for the formation of hydrogen bond between the chosen
atoms. Generally, higher hydrogen bond represents stronger
hydrogen bonding, causing higher solubility value. In this section,
several solvent systems: methanol, ethanol, acetone and acetoni-
trile are chosen to research the hydrogen bonding values. As shown
in Fig. 10, three kinds of hydrogen bond are formed including
O—H---0, 0---H—N and O—H- - -N in methanol and ethanol systems,
for the reason that the hydroxy group in alcohol acts as both a
hydrogen bond donor and acceptor. However, only one kind of
hydrogen bond are formed in the acetone and acetonitrile systems
(O---H—N for acetone and N- - -H—N for acetonitrile), for the reason
that there is no hydrogen bond donor in acetone and acetonitrile.
Besides, the strongest hydrogen bond O—H---O in the methanol
and ethanol systems are formed by hydroxyl group in alcohol sol-
vents and O atom in carbonyl of malonamide, which is much stron-
ger than the hydrogen bond formed by malonamide and acetone/
acetonitrile solvents. Thus, the solubility data of malonamide in
the alcohols are much larger than that in acetone and acetonitrile.
Moreover, the solubility values in methanol are also larger than
those in the ethanol solvent for the reason that the hydrogen bond
between methanol and malonamide shows the higher intensity.

4.7.2. Solvation free energy (SFE)

SFE is applied for representing the strength of the interaction
between solute and solvent. Therefore, the large value of the SFE
can result in stronger solute-solvent interaction, causing higher
solubility value. In this study, six common solvation free energies
(water, methanol, methanol, 1-propanol, acetone, acetonitrile)
are calculated and listed in Table 1.

The correlation between the absolute value of SFE with solubil-
ity value is also presented in Fig. 11. The solubility value increases
with the absolute value of SFE due to the increase of the solute-sol-
vent interaction.

To sum up, generally, the solubility increases with the polarity
of solvent, and decreases with the viscosity and coherence energy
density of solvent. Meanwhile, available molecular dynamic simu-
lation can also explain the solvent effects and solubility results. For
example, solubility can show an increase tendency with the solva-
tion free energy. Notably, the solubility is determined by several
factors, such as intermolecular interactions and solvent properties,
and single variable may not explain the solubility results
accurately.

4.8. Nucleation kinetics
At last, the nucleation behavior of the malonamide in methanol

was also calculated at four different supersaturations. The nucle-
ation rate was calculated by the probability method. The correla-

tions between the probability distribution and induction time
could be calculated by the Eq. (20) [39-41].

P(t) = 1 — exp(—JVt) (20)

where P(t) refers to the nucleation probability, ] and V are the
steady-state nucleation rate and solution volume, and t means the
induction time. Eq. (20) can be transferred into Eq. (21).

—In(1 - P(t)))V = Jt (21)

The fitting linear correlations of Eq. (21) are presented in Fig. 12,
and the nucleation rate and R? of the fitting results are listed in
Table 2. All R? are more than 0.985, illustrating good fitting results.

Next, the correlation between nucleation rate and supercooling
degree is also calculated based on the Eq. (22), where A and B are
the kinetics and thermodynamics parameters [42,43]. The param-
eter B can express the energy barrier for nucleation. Besides, the
parameter B can be calculated by Eq. (23), where 7, v and k are
effective interfacial energy, molecular volume and Boltzmann con-
stant, and T is 293.15 K.

B
J = Aexp <— ﬁ) (22)
16my32?
- 23
3(kT)? @)

When plotting InJ versus —1/InS, the straight line can also be
yielded, and the results are shown in Fig. 13. Furthermore, based
on the Eq. (23), the effective interfacial energy is calculated as
2.35 mj-m 2.

5. Conclusions

This study explored the solid-state structure, thermodynamic
and kinetics properties of the malonamide. Firstly, the Hirschfeld
surface analysis was introduced to point out the contribution of
different intermolecular contacts in crystal structure. The results
indicate the malonamide molecule is surrounded by a lot of the
O and H atoms, and O---H and H---H interactions are dominant
in crystal structure. The molecular electrostatic potential was also
applied to analyze and calculate the molecular electrostatic poten-
tial surface, indicated that the strongest hydrogen bond is located
at the O atom. Secondly, the solubility of malonamide in 12 sol-
vents was investigated by the dynamic method from 278.15 K to
318.15 K. Furthermore, four thermodynamics models were
adopted to evaluate the solubility data. All the ARD values in the
four models are less than 7%, indicating good fitting performance.
Several mixing properties were also calculated using the NRTL
model. All the A,ixG are negative, while all the A,;xS are positive,
indicating the dissolution behavior is a spontaneous process. More-
over, all the |AnixG| and |AnixS| values increase with the tempera-
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Fig. 10. The RDF analysis of the main hydrogen bonds between malonamide and (a) methanol, (b) ethanol, (c) acetone, (d) acetonitrile (1A=0.1nm).

Table 1

The solvation free energy for different solvent systems.
Solvent Water Methanol Ethanol 1-propanol Acetone Acetonitrile
Solvation free energy/k]-mol~" —63.672 —62.453 -59.733 —58.459 -51.770 —50.423
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Fig. 11. The solubility of malonamide at 298.15 K as a function of the absolute
values of solvation free energy.

ture, illustrated the increase in temperature favors the dissolution
behavior.

Besides, the solvent effects on the equilibrium solubility were
also investigated. The results indicate that “like dissolves like”,
“mass transfer” and “solvent-solute interactions” rules play a syn-
ergistic effect on the dissolution process. Furthermore, two molec-
ular dynamic simulation: radial distribution function analysis and
solvent free energy, were used to further explain the solubility
rules. At last, the nucleation kinetics in methanol under four super-
cooling degree was measured at 293.15 K, in which the nucleation
rate and effective interfacial energy were also calculated
successfully.

Data Availability

Data will be made available on request.
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Fig. 12. (a) Induction time probability distributions of malonamide, (b) Induction time plotted as —In(1—P(t))/V for malonamide at different supersaturations in methanol.

Table 2

The nucleation rate J and R? under different supersaturations.

Supplementary Material

Supersaturation Jm®s™! S Supplementary data to this article can be found online at
1.15 385.0 0.986 https://doi.org/10.1016/j.cjche.2022.03.012.
1.2 12302 0.994
13 29242 0988 Nomenclature
1.4 4550.4 0.993
A, B, C  parameters of Apelblat equation
ARD average relative deviation
ab fitting parameters of Van't Hoff equation
85F o AmixG  mixing Gibbs energy, J-mol~!
Yo ArsH  melting enthalpy, kj-mol !
AmixH  mixing enthalpy, J-mol™!
8.0 J nucleation rate, m>s~!
S k Boltzmann constant, J-K~!
75| S M molecular weight, g-mol~!
% m mass, g
3 “a R gas constant, J-mol~ 1K~}
70 | S RMSD  root mean square deviation
Y, S supersaturation
“s AmixS  mixing entropy, J-mol~1.K™!
6.5 ® T absolute temperature, K
S T melting point of malonamide, K
) S t time, s
6.0 . v volume of the solution, ml
. . : : : v molecular volume of solute molecule, m*
10 20 30 40 50 X molar solubility
1/In2s xel calculated solubility
Xx&*P experimental solubility
Fig. 13. The plot of InJ with 1/In?S.
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