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a b s t r a c t

Isostructural multicomponent crystals provide a promising way for fine-tuning physicochemical prop-

erties, whereas their design remains quite challenging. The purpose of this work was to provide a

new strategy for obtaining isostructural multicomponent crystals by introducing coformers with func-

tional group positional isomerism. Five isostructural salts of an antitumor drug dimethylaminomicheli-

olide (DMAMCL) were reported and designed with a series of dihydroxybenzoic acid regioisomers for the

first time, which were identified by power and single-crystal X-ray diffractions. Similar lattice parame-

ters suggested these obtained salts may have the same crystal packing mode. The quantitative similar-

ity parameters via XPac, CrystalCMP and Mercury program further proved these crystal structures are

3D isostructural. Hirshfeld surface maps and 2D fingerprint plots show that the isostructural salts have

similar intermolecular interactions. Compared with DMAMCL, obvious improvement was observed in the

thermal stability, hygroscopicity, and solubility of these isostructural salts. Meanwhile, isostructural crys-

tals may have different physicochemical properties, even though the shape and molecular size are similar

and the packing of crystal structures is equally matched.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solid state forms exploration has always been an important

subject in the field of crystal engineering, and it plays a major role

in the development of pharmaceuticals, food additives, organic pig-

ments and energetic materials [1–4]. A number of solid-state prop-

erties, such as solubility [5], dissolution rate [6], mechanical per-

formance [7,8], and optical and electrical properties [9,10] of or-

ganic molecules are critically dependent on their crystal structures

including molecular conformations and crystal packing modes. The

core mission of solid-state chemistry research is to regulate molec-

ular assembly to achieve the best performance in specific applica-

tions [11].

Isostructural multicomponent crystals have more obvious ad-

vantages than polymorphs in adjusting molecular packing, and

have received great attention [12,13]. For example, isostructural

crystals can be used as special templates or additives to discover

new crystal forms [14], prepare single crystals [15], realize the con-

trollable preparation of metastable polymorphs [16] or design solid

solutions [17]. However, the design and synthesis of isostructural

crystals is still full of challenges. Organic molecules possess vari-
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ous sizes, intricate shapes and complex weak intermolecular inter-

actions. Thus, slight changes in molecular structure may affect the

assembly mode. Most of the current studies on isostructural crys-

tals mainly focus on the report of isostructural solvates [18–22],

while the isostructurality of cocrystals or salts is a comparatively

rare phenomenon [23]. Moreover, previous studies mainly selected

a series of coformers with equivalent atomic substitution such as

O/S [24], Br/I [11], Cl/CH3 [25], and there is no uniform and ap-

plicable empirical rule for designing isostructural multicomponent

crystals. Therefore, it is necessary to carry out detailed studies to

explore other possible design strategies of isostructural crystals to

accumulate more knowledge or expand corresponding applications.

Here, we report dimethylaminomicheliolide (DMAMCL) as a

case to design isostructural salts by exploiting a series of dihydrox-

ybenzoic acid regioisomers [2,3-dihydroxybenzoic acid (23DBA);

2,4-dihydroxybenzoic acid (24DBA); 2,5-dihydroxybenzoic

acid (25DBA); 3,4-dihydroxybenzoic acid (34DBA) and 3,5-

dihydroxybenzoic acid (35DBA) molecules, Fig. 1]. DMAMCL

demonstrates outstanding antitumor effects, while poor water

solubility limits its clinical application [26]. The relatively rigid

molecular skeleton supports a good structural foundation for the

design of isostructural crystals. All five obtained DMAMCL-based

salts were fully characterized with power and single-crystal X-ray
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Fig. 1. Chemical structures of DMAMCL and coformers.

diffractions (PXRD and SCXRD), thermogravimetric analysis (TGA),

differential scanning calorimetry (DSC), and polarizing microscopy

(PLM). Dynamic vapor sorption (DVS) experiments and equilib-

rium solubility measurement were conducted to improve the

corresponding physicochemical properties of DMAMCL. Fingerprint

plots and the quantitative similarity parameters calculated from

various programs showed that these DMAMCL-based salts are 3D

isostructural.

Powder samples of the DMAMCL-based salts were prepared

with the slurry method, and the corresponding single crystals were

successfully obtained by slow evaporation or cooling of saturated

solution experiments in ethyl acetate, acetonitrile or acetone for

the first time. The detailed preparation procedures are presented

in Table S1 (Supporting information). The PXRD patterns (Fig. S1

in Supporting information) of newly discovered phases present ob-

vious differences compared with their parent compounds (Fig. S2

in Supporting information), and the simulated PXRD patterns (Fig.

S3 in Supporting information) were closely matched with the ex-

perimental patterns obtained from the relevant powder samples,

which confirms the formation of highly pure phases. PXRD data

showed many similar powder diffraction peaks among the new

phases, suggesting that these five DMAMCL-based multicomponent

crystals may have some similarities in the crystal packing mode or

belong to isostructural crystals. PLM pictures (Fig. S4 in Support-

ing information) show that the morphology of these isostructural

crystals is not exactly the same. This is not difficult to understand,

and the crystal morphology is not only affected by its own crystal

structure, but also regulated by a variety of external crystallization

conditions [27,28].

Five multicomponent crystals (DMAMCL-23DBA, DMAMCL-

24DBA, DMAMCL-25DBA, DMAMCL-34DBA and DMAMCL-35DBA)

exhibit similar lattice parameters (Table S2 in Supporting informa-

tion). They all crystallize in an orthorhombic crystal system with

the same space group P212121. The thermal ellipsoid drawings

show that one DMAMCL cation and one corresponding acid an-

ion are contained in their asymmetric units for these five DMAMCL

salts (Figs. S5-S9 in Supporting information). Similar lattice param-

eters may represent similar crystal packing and molecular assem-

bly modes, which are usually affected by the conformation of the

host molecule. The conformation superposition result shows that

they are almost indistinguishable (Fig. 2), and the maximum dif-

ference for the observed torsion angle τ (C9-C8-C14-C15) is only

about 10° (Table 1). Such subtle conformational differences imply

that the intermolecular interactions formed in these salts will bet-

ter follow the synthons.

The hydrogen bond data containing bond lengths and va-

lence angles are summarized in Table S3 (Supporting information),

which shows that the main hydrogen bond interactions in these

DMAMCL-based salts were similar. An intramolecular hydrogen

bond O1–H1···O2 formed between an ester moiety and hydroxyl

Fig. 2. Overlays of DMAMCL molecular conformations (red, DMAMCL-23DBA;

green, DMAMCL-24DBA; yellow, DMAMCL-25DBA; wheat, DMAMCL-34DBA; sky-

blue, DMAMCL-35DBA).

Table 1

Torsion angles (τ , °) in various conformers of DMAMCL.

Salt τ 1 τ 2 τ 3 τ 4

DMAMCL-23DBA −89.16 148.28 −160.97 74.40

DMAMCL-24DBA −78.95 158.07 −165.87 70.52

DMAMCL-25DBA −80.83 155.38 −165.39 71.45

DMAMCL-34DBA −79.04 157.68 −166.15 70.48

DMAMCL-35DBA −84.63 152.53 −164.85 70.88

τ 1: τ (C9-C8-C14-C15); τ 2: τ (C7-C8-C14-C15); τ 3: τ (C17-N1-C15-C14); τ 4: τ

(C16-N1-C15-C14).

group appeared in the DMAMCL molecule. The adjacent dihydroxy-

benzoic acid molecules form a 1D chain through an intermolecular

O7–H7A···O5 and/or O6–H6A···O5 typical hydrogen bonds or weak

C–H···O hydrogen bonds along the b-axis (Fig. S10 in Supporting

information). Meanwhile, a common O–H···O intramolecular hydro-

gen bond between the carboxylic acid group and ortho hydroxyl

group was involved in 23DBA, 24DBA and 25DBA molecules. Dihy-

droxybenzoic acid molecules act as a bridge connecting DMAMCL

molecules via N–H···O and O–H···O hydrogen bonds, and then the

host molecular tape and conformer molecular tape are alternately

arranged along the a-axis. Weak hydrogen bonds including C–H···O
and C–H···π , π ···π contacts and van der Waals interactions mainly

play an important role in the construction of 3D packing struc-

tures (Fig. 3), and the coformer molecules seem to be filled in

the cavity holes surrounded by the DMAMCL molecules in the ac

plane. When the corresponding coformers are removed from the

3D structures of the DMAMCL salts, the remaining voids (coformer

occupied spaces) are presented as a golden cloud in Fig. S11 (Sup-

porting information). The order of space occupied by coformers is

25DBA (639.99 Å3) > 24DBA (626.67 Å3) > 34DBA (614.70 Å3) >

23DBA (609.91 Å3) > 35DBA (597.78 Å3). Although the five se-

lected dihydroxybenzoic acid coformers belong to positional iso-

mers, they still have similar potential complementary functional

groups to form synthons with host molecules, which is benefi-

cial to the formation of isostructural multicomponent crystals and

brings precise regulation of physicochemical properties.

The values of the unit cell similarity index (π ) [29] and mean

elongation (ε) [30] were calculated and found to be close to zero

(Table S4 in Supporting information), which further supports the

isostructurality. DMAMCL-24DBA and DMAMCL-25DBA have the

highest similarity on the basis of the smallest values of π and ε.
We speculate that this is mainly because the molecular volumes

and shapes of 24DBA and 25DBA are the closest. Furthermore, the

relatively low values of PSab (0.2∼1.6, Fig. S12 in Supporting infor-

mation) obtained from CrystalCMP software show that the packing

of DMAMCL is similar in all the obtained salts, which is consistent

with the crystal structure analysis. Based on the similarity of ge-

ometric parameters of different structures, the Xpac program was

used to identify and compare the possible molecule packing sim-

ilarity in 0D/1D/2D/3D dimensions [31]. The XPac dissimilarity in-

dex value is between 2.0∼10.5 (Fig. 4). Such small values are in-

dicative of 3D isostructurality between each pair of crystal struc-

tures of the corresponding DMAMCL salts. Comparatively speak-
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Fig. 3. Packing view of (a) DMAMCL-23DBA, (b) DMAMCL-24DBA, (c) DMAMCL-25DBA, (d) DMAMCL-34DBA and (e) DMAMCL-35DBA in the ac plane.

Fig. 4. Plots of interplanar angular deviation vs. angular deviation in XPac with various dissimilarity index values for five DMAMCL salts.

Fig. 5. 2D fingerprint plots of isostructural salts.

ing, the dissimilarity index values are larger for four pairs (9.8 for

DMAMCL-23DBA and DMAMCL-24DBA; 10.3 for DMAMCL-23DBA

and DMAMCL-25DBA; 10.2 for DMAMCL-23DBA and DMAMCL-

34DBA; 9.9 for DMAMCL-23DBA and DMAMCL-35DBA), which in-

dicates that they have smaller packing similarity. This is mainly

due to steric hindrance of 23DBA, and the difference in the posi-

tion of functional groups will further lead to a change in their roles

in the assembly of multicomponent crystal molecules. In addition,

the calculated PXRD similarity index values are between 0.97 and

0.99 (Table S5 in Supporting information) suggesting that the five

DMAMCL salts are 3D isostructural, which is consistent with the

conclusions obtained by other similarity analysis methods.

Hirshfeld surface was used to characterize and quantify the in-

termolecular interactions of these salts [32]. The obvious red spots

on the surface (Fig. S13 in Supporting information) indicated the

presence of N−H···O or O−H···O contacts and facilitated the for-

mation of heterodimer synthons. 2D fingerprint plots show that

the five isostructural salts discussed above have common charac-

teristics (Fig. 5). Strong O···H interactions appeared as forceps-like

spikes, which contributed 28.3%−31.6% of the total interactions.

The weakest H···H contacts spread over a large area, which con-

tributed a major contribution of 54.6%−57.7% of the total interac-

tion to the Hirshfeld surface. Moreover, three quantitative parame-

ters of Hirshfeld surfaces containing molecular volume, Hirshfeld

surface area and globularity of the surface were similar respec-

tively (Fig. S14 in Supporting information).

All the obtained DMAMCL-based salts were characterized by

TGA and DSC (Figs. S15 and S16 in Supporting information). Each

of the isostructural salts was found to exhibit a melting point

between the melting points of both ingredients. The melting

point of DMAMCL-24DBA is approximately 26 °C higher than

that of DMAMCL-23DBA. The order of the melting point for these

isostructural salts seems not to be consistent with that of the

coformers (35DBA > 24DBA > 23DBA > 25DBA > 34DBA) or the

order of lattice energy [DMAMCL-34DBA (−183.75 kcal/mol)

> DMAMCL-35DBA (−177.28 kcal/mol) > DMAMCL-24DBA

(−165.48 kcal/mol) > DMAMCL-25DBA (−165.17 kcal/mol) >

DMAMCL-23DBA (−163.25 kcal/mol)].

Sometimes the melting point is also affected by crystal packing

in addition to intermolecular interactions, and the crystal density

can reflect the packing tightness of crystals to some extent. Gener-

ally, the higher the crystal density, the closer the crystal packing,

and the higher the melting point of crystals. The molecular vol-

ume ordering does show the opposite trend with the crystal den-

sity ordering [DMAMCL-23DBA (1.296 g/cm3) < DMAMCL-24DBA

(1.299 g/cm3) < DMAMCL-25DBA (1.306 g/cm3) < DMAMCL-34DBA

(1.318 g/cm3) < DMAMCL-35DBA (1.355 g/cm3)]. However, these

two physical parameters still cannot match the melting point or-

dering well. Therefore, the melting point of these isostructural salts

cannot be simply related to a certain variable, but is more likely to

be influenced by many factors such as the physicochemical prop-

erties of coformers, intermolecular interactions and compactness

of crystal packing. Moreover, the influence of relative humidity

on these isostructural salts was investigated with DVS measure-

ments at 25 °C. As shown in the vapor sorption isotherms (Fig.

S17 in Supporting information), DMAMCL-24DBA, DMAMCL-25DBA

and DMAMCL-34DBA salts absorbed 0.33%, 1.10% and 0.41% mois-

ture at 95% RH, respectively. In contrast, the DMAMCL-23DBA and
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Fig. 6. Solubility profile and mass change at 95% RH of DMAMCL and its isostruc-

tural salts.

DMAMCL-35DBA salts exhibit totally different sorption behaviors.

From 0% to 95% RH, DMAMCL-23DBA salt absorbed 3.38% mois-

ture. DMAMCL-35DBA salt absorbed about only 1.77% at 75% RH,

while it remarkably absorbed moisture above 75% RH and ab-

sorbed 9.44% of water at 95% RH. In order to further determine

whether the phase transformation behavior occurs after water ad-

sorption or desorption for the isostructural salts, we conducted

PXRD analysis on the samples before and after the DVS tests. The

PXRD patterns (Fig. S18 in Supporting information) show that the

positions of the characteristic diffraction peaks of these isostruc-

tural salts after adsorption/desorption are consistent with the cor-

responding initial samples. Meanwhile, no dehydration endother-

mic peaks appeared in the DSC curves (Fig. S19 in Supporting in-

formation) of the samples after adsorption. These results indicate

that no phase transformation happens for the isostructural salts,

and the adsorbed water only exists in the form of physical adsorp-

tion. Furthermore, Fig. 6 shows that the solubility of DMAMCL (pH

6.8, 37 °C) can in fact be improved by a factor of 2–275 without

altering the molecular structure of DMAMCL.

In conclusion, five isostructural organic salts of DMAMCL were

first obtained with the help of dihydroxybenzoic acid positional

isomers. The successful synthesis of isostructural crystals is mainly

attributed to the robust synthons between DMAMCL molecule and

dihydroxybenzoic acid molecule, the extremely small difference of

molecular conformations and the high similarity of coformer size

and shape. The isostructurality of series of salts were confirmed

with the analysis of Hirshfeld surface maps, 2D fingerprint plots

and quantitative similarity parameters from XPac, CrystalCMP, and

Mercury software. Our research also shows that the thermal be-

haviors, hygroscopicity and solubility of isostructural crystals could

be different although the packing of structure is equally matched.

More importantly, this work provides a successful case of design-

ing isostructural multicomponent crystals and we hope that it will

bring some inspiration for the design and application development

of higher order organic crystals.
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