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A B S T R A C T   

With McCrone’s famous statement in mind, we set out to investigate the polymorphic behavior of a small- 
molecule dual inhibitor of Rac and Cdc42, currently undergoing preclinical trials. Herein, we report the exis-
tence of two polymorphs for 9-ethyl-3-(5-phenyl-1H-1,2,3-triazol-3-yl)-9H-carbazole (MBQ-167). These were 
characterized by differential scanning calorimetry, thermogravimetric analysis, Raman and Infrared spectros-
copy, as well as powder and single crystal X-ray diffraction. The results obtained from the thermal analysis 
revealed that MBQ-167 form II undergoes an exothermic phase transition to form I, making this the thermo-
dynamically stable form. An examination of the Burger-Ramberger rules for assigning thermodynamic re-
lationships in polymorphic pairs indicate that this system is monotropic. The structure elucidation reveals that 
these forms crystallize in the orthorhombic (Pbca) and monoclinic (P21/n) space groups. A conformational 
analysis shows that the metastable form (form II) presents the most planar conformation along the significant 
torsion angles identified. Hirshfeld surface analysis confirms that van der Waals contacts are the primary in-
teractions and only subtle differences in short contacts help differentiate each form. These findings support the 
notion that polymorphism is prevalent in organic molecules and that one should invest time and money probing 
possible polymorphs, particularly in early development as in the case of MBQ-167.   

1. Introduction 

It has been well established that many solids exhibit polymorphism, 
a phenomena that imparts molecules with the ability to crystallize in 
more than one crystal structure, (Hilfiker, 2006; Brittain et al., 2009) 
complicating experimental and computational endeavors to understand, 
predict and control crystallization in numerous branches of the chemical 
industry. One branch particularly influenced by the occurrence of 
polymorphism is pharmaceuticals. Many notorious cases have been 
documented as a result of drug development and manufacturing mis-
haps as well as patent litigation involving polymorphism in pharma-
ceuticals. (Tandon et al., 2018; Santos et al., 2014; Newman and 
Wenslow, 2016; Chemburkar et al., 2000; Desikan et al., 2005; Lohray 
et al., 2003; Bernstein, 2020) It has been stated that “every compound 

has different polymorphic forms, and that, in general, the number of 
forms known for a given compound is proportional to the time and 
money spent in research on that compound.” (Bernstein, 2011) A recent 
study reported that the minimum polymorphism occurrence to be ex-
pected is at least 50%. (Cruz-Cabeza et al., 2015) Because different 
polymorphic modifications can exhibit differences in solubility and 
bioavailability, (Brittain et al., 2009; U.S. , 2007; Censi and Di Martino, 
2015; Kobayashi et al., 2000) we set out to investigate the crystal forms 
of 9-ethyl-3-(5-phenyl-1H-1,2,3-triazol-3-yl)-9H-carbazole, better 
known as MBQ-167, a small-molecule currently undergoing preclinical 
studies for the treatment of metastatic breast cancer. (Humphries- 
Bickley et al., 2017). 

MBQ-167 is a 1,5-disubstituted-1,2,3-triazole derivative with a car-
bazolyl moiety at the 1-position and a phenyl ring at the 5-position 
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(Fig. 1). (Maldonado et al., 2019) It has been designed to act as a dual 
inhibitor of Rac and Cdc42, both small GTPases that are involved in the 
regulation of cell migration. The synthesis and in vitro and in vivo activity 
of MBQ-167 has been described previously. (Humphries-Bickley et al., 
2017; Maldonado et al., 2019). 

2. Materials and methods 

2.1. Materials 

Two batches (MQ7-PD-025-3 and MQ7QRV-001) of 9-ethyl-3-(5- 
phenyl-1H-1,2,3-triazol-3-yl)-9H-carbazole (MBQ-167), were received 
from MBQ Pharma, Inc. Both batches are reported to have a purity of 
99.5% as determined by High-Performance Liquid Chromatography 
(HPLC) analysis. The CAS Registry Number for MBQ-167 is 2097938-73- 
1. Ethyl acetate ACS reagent (≥99.5%) and heptane ReagentPlus® (99%) 
were both purchased from Sigma-Aldrich. Ethanol (190 proof) ACS/USP 
Grade was purchased from Pharmco Aaper. Nanopurified water (18.23 
MOhm/cm, pH = 5.98, and mV = 57.3) was obtained from the Aries 
Filter (Gemini). All reagents were used “as received” without further 
purification. 

2.2. Crystallization of MBQ-167 forms I and II 

MBQ-167 was obtained by recrystallization of the material from 
ethanol (MQ7-PD-025-3). This produced the initial and most prevalent 
form of this compound, MBQ-167 form I. The novel form, MBQ-167 
form II, was obtained by recrystallization from 33% (v/v) heptane in 
ethyl acetate (MQ7QRV-001). 

2.3. Differential scanning calorimetry (DSC) 

Thermal analysis was carried out for MBQ-167 forms I and II to 
determine the peak melting temperature (Tm) and enthalpy of fusion 
(ΔHfus) and/or enthalpy of crystallization (ΔHcr) using linear peak 
baseline. (Menczel and Prime, 2009; Cassel and Behme, 2004) The in-
strument, a DSC Q2000, from TA Instruments, Inc. is equipped with a 
RCS40 single-stage refrigeration system. An indium standard (Tm =
156.6 ◦C and ΔHfus = 0.7832 kcal/mol) was employed for the instrument 
calibration. Gently powdered MBQ-167 forms I and II were weighed 
(1.000–3.000 mg) into hermetically sealed Tzero aluminum pans, 
respectively, using a XP26 microbalance from Mettler Toledo (±0.002 
mg). Once sealed, the pans were equilibrated at 25.0 ◦C for 5 min before 
heating to 250.0 ◦C at a rate of 5.0 ◦C/min and cooled to 25.0 ◦C at 
10.0 ◦C/min under a N2 atmosphere (50 mL/min). DSC analysis was 
performed in triplicate (n = 3) and the peak Tm and ΔH were averaged 
(see Table S1 in the supplementary material). Thermograms were 
analyzed using a linear baseline on the TA Universal Analysis 2000 
software (v. 4.5A). 

2.4. Thermogravimetric analysis (TGA) 

The TGA (TA Instruments, Inc. Q500) was calibrated with a calcium 
oxalate monohydrate (CaC2O4⋅H2O) standard. Between 1.000 and 

2.000 mg of gently powdered MBQ-167 forms I and II, respectively, were 
equilibrated at 25.0 ◦C for 5 min before heating to 400.0 ◦C under a N2 
atmosphere (60 mL/min) at a rate of 5.0 ◦C/min. TGA analysis was 
performed in duplicate (n = 2) and thermographs (see Figure S2 in the 
supplementary material) were analyzed using TA Universal Analysis 
2000 software (v. 4.5A). 

2.5. Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spectroscopy was employed to identify differences among the 
vibrational modes that characterize the packing of MBQ-167 forms I and 
II. The FTIR spectra were recorded using a Bruker Tensor-27 attenuated 
total reflectance (ATR) spectrophotometer between 4000 and 400 cm−1 

with a resolution of 4 cm−1 averaging 32 scans (1 scan/s). The OPUS 
Data Collection Program (v. 7.2) was used to collect the FTIR data. A list 
of the vibrational frequencies (cm−1) for both polymorphic forms can be 
found in Table S2 of the supplementary material. 

2.6. Raman spectroscopy 

Raman spectra of MBQ-167 forms I and II were collected using a 
Thermo Scientific DXR2 Raman microscope equipped with a 780 nm 
laser, 400 lines/mm grating, 50 μm slit, and 3 s exposure time by 
averaging 32 scans. Spectra were collected at room temperature over the 
range of 150 to 3200 cm−1 and analyzed utilizing the OMNIC for 
Dispersive Raman software (v. 9.2.0). The objective lenses used to 
collect the Raman spectra were 20x and 50x for forms I and II, respec-
tively. Representative Raman spectra and a list of the vibrational modes 
(cm−1) for both forms can be found in Figure S4 and Table S3 of the 
supplementary material. 

2.7. Powder X-ray diffraction (PXRD) analysis 

The diffraction patterns of MBQ-167 forms I and II were generated 
using a Rigaku XtaLAB SuperNova single microfocus Cu-Kα radiation (λ 
= 1.5417 Å) source operating at 50 kV and 1 mA equipped with a 
HyPix3000 X-ray detector. PXRD data collection was performed at 300 
and 100 K using an Oxford Cryosystems Cryostream 800 cooler. The 
powdered samples of MBQ-167 forms I and II were mounted in MiTeGen 
micro loops with a small amount of paratone oil. Diffractograms were 
collected over a range between 6 and 40◦ (in 2θ) with a step size of 0.01◦

for 120 s and a detector distance of 100 mm using the Gandolfi move 
experiment for powders. Powder patterns were analyzed using the 
CrysAlisPRO software (v. 1.171.39.46). A list of the peak positions (◦) and 
percentage relative intensities (%) of both forms at 300 K is provided in 
Table S4 of the supplementary material. 

2.8. Single crystal X-ray diffraction (SCXRD) analysis 

Optical microscopy with polarized light was used to evaluate the 
morphology and crystal quality of the resulting MBQ-167 crystals. Op-
tical micrographs were collected within a Nikon Polarizing Microscope 
Eclipse LV100N POL, equipped with a Nikon DS-Fi2 camera and NIS 
Elements BR software (v. 4.30.01). Using a small amount of paratone oil 
the single crystals for each form were mounted in MiTeGen micro loops. 
Crystal structures were determined from diffraction data collected using 
a Rigaku XtaLAB SuperNova single microfocus Cu-Kα radiation (λ =
1.5417 Å) source equipped with a HyPix3000 X-ray detector in trans-
mission mode (50 kV and 1 mA). An Oxford Cryosystems Cryostream 
800 cooler was used to collect the data at 300 and 100 K. Data was 
analyzed using the CrysAlisPRO software (v. 1.171.39.46). All crystal 
structures of MBQ-167 were solved by direct methods using SHELXS. 
The refinement was made using full-matrix least squares on F2 within 
the Olex2 software (v. 1.2). (Dolomanov et al., 2009) All non-hydrogen 
atoms were anisotropically refined. 

Fig. 1. Molecular structure of 9-ethyl-3-(5-phenyl-1H-1,2,3-triazol-3-yl)-9H- 
carbazole (C22H18N4, MBQ-167). 
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2.9. Hirshfeld surface analysis 

The Hirshfeld surface analysis was performed to investigate the 
presence of different intermolecular interactions in the crystal structures 
of both polymorphic forms of MBQ-167. Employing the crystallographic 
information files (CIF files) collected at 100 K for each polymorph, the 
Hirshfeld surface and the 2D fingerprint plots were generated using 
CrystalExplorer™ (v. 17.5). (Turner et al., 2017) The theory of this 
analyses is described elsewhere. (Spackman and Jayatilaka, 2009; 
McKinnon et al., 2007) Hirshfeld surfaces along a, b, and c-axis and the 
2D fingerprint plots can be found in Figures S19 and S20 of the sup-
plementary material. 

3. Results and discussion 

3.1. Differential scanning calorimetry (DSC) 

The thermogram of MBQ-167 form I reveals a single endotherm peak 
at 153.43 ± 0.05 ◦C (ΔHfus = 7.17 ± 0.09 kcal/mol), which corresponds 
to the average Tm of this form (Fig. 2a). In contrast to form I, the ther-
mogram of form II shows various thermal transitions illustrated in 
Fig. 2b. The first endothermic event occurs at 129.89 ± 0.09 ◦C (ΔHfus =
4.89 ± 0.06 kcal/mol) and is attributed to the average Tm of form II. This 
is followed by an exothermic event at 143.1 ± 0.6 ◦C (ΔHcr = -1.3 ± 0.5 
kcal/mol), which is attributed to recrystallization from the melt and 
trailed by a second endothermic transition at 153.65 ± 0.02 ◦C (ΔHfus =
2.9 ± 0.9 kcal/mol) corresponding to the Tm of form I. Due to overlap 
among these thermal events, the enthalpies reported here might be 
taken as estimations. The average Tm and ΔHfus for MBQ-167 form I 
presented here, is in close agreement with those published in a previous 
study. (Jiménez Cruz et al., 2021) The average Tm and ΔH for MBQ-167 
form II are reported for the first time. 

To determine the thermodynamic relationship between the two 
polymorphic forms and estimate the relative stability, Burger- 
Ramberger rules were applied. (Hilfiker, 2006; Burger and Ramberger, 
1979) The transition of form II to I observed in Fig. 2b is exothermic. 
Moreover, both the highest melting point (153.43 ± 0.05 ◦C vs 129.89 ±
0.09 ◦C) and heat of fusion (7.17 ± 0.09 kcal/mol vs 4.89 ± 0.06 kcal/ 
mol) are attributed to form I. Therefore, based on the heat of transition 
and heat of fusion rules the thermodynamic relationship can be classi-
fied as monotropic. An additional rule that can be applied to determine 
thermodynamic relationships is the heat capacity rule, which establishes 
that “the relationship is monotropic if the polymorph with the higher 
melting point has the lower heat capacity at a given temperature”. 

(Hilfiker, 2006) At 25 ◦C the average heat capacity (Cp) is 0.006829 and 
0.01204 J/K for forms I and II, respectively. Dividing the Cp by the 
average sample size (2.465 and 1.563 mg), the average specific heat 
capacity (cp) can be calculated for form I (2770 J/kg⋅K) and form II 
(7704 J/kg⋅K). This rule also supports that this polymorphic pair is 
monotropically related. Thus, based on the Burger-Ramberger rules it is 
proposed that this polymorphic system is monotropically related with 
form I being the thermodynamically stable form. 

3.2. Vibrational spectroscopy analysis of MBQ-167 polymorphs 

Representative FTIR and Raman spectra for MBQ-167 forms I and II 
were collected from 4000 to 400 cm−1 and 3200 to 150 cm−1, respec-
tively. Fig. 3 depicts the FTIR spectra while Raman spectra can be found 
in Figure S4 of the supplementary material. The vibrational analysis 
helps to compare both polymorphs based on the identification of dif-
ferences in the vibrational modes as a result of different packing modes. 
A shift in the FTIR signal can be observed for the C–H stretching 
vibrational mode. The C–H stretching mode presents a higher intensity 
for form I (2976 cm−1) compared to form II (2979 cm−1). In the region 
from 2000–1500 cm−1 (Fig. 3a), form I displays several bands at fre-
quencies of 1892, 1879, and 1850 cm−1, which represent the C–H 
bending characteristic of aromatic compounds. (Pavia et al., 2001) In 
contrast, these bands are not observed in form II. There is also a dif-
ference in the C = C bands (carbazole group) between the regions of 
1650–1600 cm−1 in form I and 1500–1460 cm−1 in form II. This region 
is shifted and more pronounced in form I than form II. A strong band 
representative of C–H bending vibrations can be observed at 1445 cm−1 

in form I only (Fig. 3b). The band at 1382 cm−1 can be used for the 
identification of MBQ-167 form II (Fig. 3b). Moreover, the aromatic 
amines in the molecular structure of MBQ-167 produce a characteristic 
band for the C–N stretching mode, which occurs at 1343 and 1321 cm−1 

in form I and at 1347 and 1323 cm−1 in form II, respectively. (Pavia 
et al., 2001) Another significant difference in the vibrational modes of 
form I, is a characteristic band at 1332 cm−1 (Fig. 3b) that can be 
observed between the two bands corresponding to the 1,2,3-triazole 
group (1343 and 1321 cm−1) which is not present in form II (Pavia 
et al., 2001). 

The terminal methyl group (–CH3) can be identified by the shifted 
absorption bands at 891 and 883 cm−1 in forms I and II, respectively. A 
weak band at 852 cm−1, a medium band at 826 cm−1, and a strong band 
at 800 cm−1 can be used for the identification of form I, while a single 
band at 812 cm−1 is characteristic in form II (Fig. 3c). Additional 
characteristic bands for each polymorph are at 764, 752, 733, 625, 534 
cm−1 for form I and at 767, 741, 725, 629, 527 cm−1 for form II. 

3.3. PXRD analysis 

PXRD experiments were performed for the solid-state identification 
of the two polymorphic forms of MBQ-167. Representative experimental 
and simulated PXRD patterns of MBQ-167 forms I and II are shown in 
Fig. 4. From the experimental PXRD patterns, it can be observed that 
form I presents unique reflections at 7.04, 9.87, 10.49, 12.98, 13.47, 
23.18, and 25.20◦ in 2θ at 300 K. On the other hand, the characteristic 
reflections for form II are observed at 7.87, 11.00, 12.20, 14.54, and 
19.67◦ in 2θ at 300 K. The PXRD patterns collected at 100 K can be found 
in Figures S15 and S17 of the supplementary material. 

A comparison between the experimental and simulated PXRDs for 
MBQ-167 forms I and II can be used to confirm the phase purity resulting 
from the crystallization conditions employed to generate each form. 
Phase selection was achieved as a result of the recrystallization of MBQ- 
167 in several solvents (ethanol, ethyl acetate, water in ethanol, and 
heptane in ethyl acetate) within this work. Representative PXRDs of 
MBQ-167 recrystallized from different pure and binary solvent mixtures 
can be found in Figure S7 of the supplementary material. These results 
also agree with previous observations regarding selective crystallization 

Fig. 2. Representative DSC thermograms overlay of MBQ-167 (a) form I 
(black), and (b) form II (blue). The arrows correspond to the direction of the 
heating (red) and cooling (blue) trend lines in the DSC thermograms. 
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of form I (the absence of concomitant polymorphism (Bernstein et al., 
1999; Lee et al., 2007) when MBQ-167 is recrystallized from Class 2 and 
3 pure and binary solvents. (Jiménez Cruz et al., 2021) Thus far, form II 
has only been achieved by the recrystallization of MBQ-167 from 33% 
(v/v) heptane in ethyl acetate. 

3.4. SCXRD analysis 

The elucidation of the crystal structure for MBQ-167 forms I and II 
was conducted initially at 300 K, and then at 100 K to determine if phase 
changes occur at low temperature. The relatively low reliability factor 
(Rf) (<6%) values is indicative of the good quality (“fitness”) of each 
solved crystal structure of MBQ-167 (Harris et al., 1998; Harris, 2003; 
Wlodawer et al., 2008). No low temperature transformations were 
observed. The resulting structures show one molecule in the asymmetric 

unit for each of these polymorphs. The asymmetric units are illustrated 
in Fig. 5a for forms I and II. The packing motifs along the a, b, and c-axis 
for each polymorph is shown in Fig. 5b-d for the structures solved at 100 
K. The packing motifs from the structures solved at 300 K for both forms 
can be found in Figures S8 and S9 of the supplementary material. Pre-
vious results of MBQ-167 have not focus on the elucidation of the solid- 
state for this molecular entity. 

The crystallographic parameters are listed in Table 1 and the Oak 
Ridge Thermal Ellipsoid Plots (ORTEPs) of the structurally characterized 
MBQ-167 forms I and II at 300 and 100 K can be found in Figures S10- 
S13 of the supplementary material. MBQ-167 form I crystallizes in the 
orthorhombic space group Pbca. The asymmetric unit connects with four 
adjacent molecules through short contacts (Fig. 5). The shortest contact 
is formed between a carbon atom in the phenyl ring of one molecule to 
nitrogen atom N(1) in the 1,2,3-triazole group of an adjacent molecule 
(C(5)–H(5)⋅⋅⋅N(1) = 2.626 Å). Additionally, two C⋅⋅⋅H contacts (C(11)⋅⋅⋅ 
H(13)–C(13) = 2.776 Å) and (C(20)⋅⋅⋅H(13)–C(13) = 2.830 Å) join 
adjacent molecules. These contacts link adjacent molecules along the b- 
axis. Two short contacts (N(2)⋅⋅⋅H(1)–C(1) = 2.718 Å) and (C(4)–H(4)⋅⋅⋅ 
C(7) = 2.819 Å) reinforce the packing of adjacent molecules along the a- 
axis. A short π⋅⋅⋅π contact (C(18)⋅⋅⋅C(21) = 3.376 Å) is responsible for the 
packing along the ac-plane joining adjacent molecules. 

MBQ-167 form II crystallizes in the monoclinic P21/n space group 
(Table 1). The shortest contact observed occurs between a nitrogen atom 
N(2) in the 1,2,3-triazole group and a carbon from the phenyl ring (C 
(6)–H(6)⋅⋅⋅N(2) = 2.626 Å). This contact propagates adjacent molecules 
along the b-axis shown in Fig. 5c. The packing is reinforced by C⋅⋅⋅H 
contacts (C(1)⋅⋅⋅H(7)–C(7) = 2.856 Å) between carbon atoms in the 
1,2,3-triazole and the phenyl ring. This contact expands the packing of 
the molecules along the a-axis (Fig. 5b). No other significant intermo-
lecular interactions were observed for this polymorph. 

As shown in Table 1, the density of MBQ-167 form I (1.329 g/cm3) is 
higher than that of form II (1.273 g/cm3) at 100 K. The density rule 
states that “for a non-hydrogen-bonded system at absolute zero, the most 
stable polymorph will have the highest density, because of stronger 
intermolecular van der Waals interactions” (Hilfiker, 2006). The 
occurrence of a higher number of short contacts for form I than form II, 

Fig. 3. Representative FTIR spectra overlay of MBQ-167 form I (black) and form II (blue) with characteristic regions at (a) 2000–1500 cm−1, (b) 1500–1300 cm−1, 
and (c) 900–700 cm−1. Peaks marked with an asterisk (*) and letter “x” represents unique bands for MBQ-167 form I and form II, respectively. 

Fig. 4. The experimental and simulated PXRDs of MBQ-167 forms I (black and 
grey) and II (dark and light blue) at 300 K. Simulated PXRDs were obtained 
from the crystallographic information files (CIF files) of the crystal structures 
solved by SCXRD at 300 K. 
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as observed in their crystal structures, supports that form I is the most 
stable form between these polymorphs at room temperature. The 
assessment made here with the density rule is in agreement with our 
discussion above, which related to the Burger-Ramberger rules for 
estimating thermodynamic relationships. 

Conformational analysis of the asymmetric units in the crystal 
structures solved at 100 K, reveals that the above-mentioned MBQ-167 
polymorphs possess strikingly distinct conformations (Table 2). Fig. 6a 
presents the significant torsion angles (τ) found for MBQ-167 in different 
colors. The torsion angle (τ) along the triazole and the phenyl ring τ1 is 
65.82◦ in form I while is slightly more planar (35.00◦) in form II. 
Another significant difference occurs along τ2 that also involves the 

Fig. 5. Asymmetric unit of MBQ-167 forms I and II (a) as well as the crystal packing along (b) a-axis, (c) b-axis, and (d) c-axis for structures solved at 100 K.  

Table 1 
Summary of crystallographic data for MBQ-167 forms I and II at 300 and 100 K.  

Form I I II II 
Crystal system orthorhombic orthorhombic monoclinic monoclinic 
Space group Pbca Pbca P21/n P21/n 
Temperature (K) 300 (2) 100 (10) 300 (10) 100 (16) 
a (Å) 7.7110 (1) 7.57408 (5) 12.0906 

(2) 
11.8490 
(1) 

b (Å) 17.9646 (1) 17.87230 
(12) 

9.4280 (1) 9.3591 (1) 

c (Å) 25.2167 (2) 24.98583 
(16) 

16.9628 
(2) 

16.9689 
(2) 

α (◦) 90 90 90 90 
β (◦) 90 90 109.726 

(2) 
110.171 
(1) 

γ (◦) 90 90 90 90 
Volume (Å3) 3493.14 (6) 3382.23 (4) 1820.12 

(5) 
1766.37 
(3) 

Calc. density (g/ 
cm3) 

1.287 1.329 1.235 1.273 

Z 8 8 4 4 
Z’ 1 1 1 1 
Cu-Kα, Å 1.5417 1.5417 1.5417 1.5417 
Rf (%) 5.62 4.05 4.98 3.47 

Abbreviations: Z, number of units in the unit cell; Z’, number of asymmetric 
units; a, b, c, lengths of the cell edges; α, β, γ, angles between the cell edges; Cu- 
Kα, copper K-alfa; Rf, reliability factor. 

Table 2 
Summary of significant torsion angles τ (◦) in the asymmetric unit of MBQ-167 
forms I and II for structures solved at 100 K.  

Atoms in the torsion angle, τ (◦) MBQ-167 
Form I Form II 

τ1 (C1-C2-C3-C4)   65.82  35.00 
τ1′ (C1-C2-C3-C8)   −111.84  −142.07 
τ2 (N3-C2-C3-C8)   67.33  34.06 
τ2′ (N3-C2-C3-C4)   −115.02  −148.86 
τ3 (C18-N4-C20-C21)   10.97  −2.09 
τ4 (C18-N4-C17-C16)   −11.26  2.86 
τ5 (C10-C11-C12-C13)   2.84  −0.20 
τ6 (N2-N3-C9-C22)   −107.81  −113.44 
τ7 (N2-N3-C9-C10)   67.17  64.03 
τ8 (C2-N3-C9-C10)   −120.75  −123.98 
τ9 (C2-N3-C9-C22)   64.27  58.55 

Apostrophe (’) refers to the corresponding supplementary angle. 

Fig. 6. (a) Molecular structure of MBQ-167 illustrating the significant torsion 
angles (τ) represented by different colors; τ1 (blue) = C(1)-C(2)-C(3)-C(4), τ2 
(red) = N(3)-C(2)-C(3)-C(8), τ3 (light green) = C(18)-N(4)-C(20)-C(21), τ4 
(dark green) = C(18)-N(4)-C(17)-C(16), and τ5 (pink) = C(10)-C(11)-C(12)-C 
(13). The purple and neon green colors indicate that two torsion angles (τ)
overlap. (b) Overlay of the asymmetric units of MBQ-167 forms I (black) and II 
(blue) at 100 K. 
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same functional groups. In form II, τ2 is more planar (34.06◦) than in 
form I (67.33◦). The torsion angle along τ3 in form I is 10.97◦ while in 
form II is −2.09◦, indicating the latter is slightly more planar. The 
adjacent torsion angle τ4 is −11.26◦ in form I and 2.86◦ in form II. Lastly, 
the torsion angle corresponding to τ5, which comprises the carbazolyl 
group, is highly planar in both polymorphs (2.84◦ in form I and −0.20◦

in form II). The overlay of the asymmetric units of MBQ-167 forms I 
(black) and II (blue) at 100 K can be observed in Fig. 6b. The packing of 
each structure within the overlay can be found in Figure S18 of the 
supplementary material. 

3.5. Hirshfeld surface analysis 

CrystalExplorer™ (v. 17.5) was utilized to generate the Hirshfeld 
surfaces and 2D fingerprint plots based on the crystal structures of the 
two MBQ-167 polymorphs solved at 100 K. (Turner et al., 2017; 
Spackman and Jayatilaka, 2009; Spackman and McKinnon, 2002) Van 
der Waals contacts are the primary interactions observed for both 
polymorphs. As shown in Fig. 7a, the H⋅⋅⋅H contacts constitute ~45% of 
all contacts in form I and ~50% in form II. The second most abundant 
contacts are the C⋅⋅⋅H contacts, which have a higher contribution in form 
I (37.2%) than in form II (30.4%). In terms of the contributions of the 
N⋅⋅⋅H contacts to the Hirshfeld surfaces, there are no significant differ-
ences between these polymorphs (16.3 vs. 14.1%). The most striking 
differences are those presented by the π⋅⋅⋅π (2.8%) and N⋅⋅⋅C (2.3%) 
contacts observed in form II, which are barely present in form I (0.3% for 
π⋅⋅⋅π and 0.8% for N⋅⋅⋅C). No contribution for the N⋅⋅⋅N contacts is 
observed in both polymorphs. Fig. 7b displays the Hirshfeld surface of 
MBQ-167 forms I and II along the a-axis. Hirshfeld surfaces along the b 
and c-axis can be found in Figure S19 of the supplementary material. The 
2D fingerprint plots can be found in Figure S20 of the supplementary 
material. 

4. Conclusions 

The results presented in this study provide the first insights into the 
prevalence of polymorphism in MBQ-167, a small molecule dual in-
hibitor of Rac and Cdc42. To date, this compound has been shown to 
exist in two polymorphic forms. MBQ-167 forms I and II were charac-
terized through various techniques including thermal analysis, vibra-
tional spectroscopy, PXRD, and SCXRD to understand the 
thermodynamic relationships between these two polymorphic forms and 
the structural motifs that make each form unique. From the thermal 
analysis, it can be concluded that MBQ-167 form II undergoes an 
exothermic phase transition to form I, making form I the thermody-
namically most stable form. Moreover, an examination of the Burger- 
Ramberger rules for assigning thermodynamic relationships in poly-
morphic pairs indicate that this is a monotropic system. The vibrational 
analysis performed using Raman and FTIR serves to identify character-
istic vibrations that facilitate the differentiation of the two polymorphic 
forms. PXRD can be used for the identification between the polymorphs 
since each form presents a unique diffraction pattern. The crystal 
structures of MBQ-167 forms I and II, revealed by SCXRD, shows that 
van der Waals contacts are the primary intermolecular interactions 
observed for both polymorphs. A Hirshfeld surface analysis served to 
identify subtle differences in the contributions of intermolecular in-
teractions that characterize each polymorph of MBQ-167. The findings 
reported in this work support the notion that polymorphism is prevalent 
in organic molecules and that one should invest time and money probing 
any given compound, particularly in early development as in the case of 
MBQ-167. 
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Jiménez Cruz, Jocelyn M., Vlaar, Cornelis P., López-Mejías, Vilmalí, Stelzer, Torsten, 
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