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Predicting particle quality attributes of organic crystalline materials using 
Particle Informatics 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Particle Informatics tools were devel
oped and tested for organic compounds. 

• Crystal structure was linked to physical 
and chemical properties. 

• Particle Informatics enable understand
ing of desolvation behaviour. 

• Facet specific properties of a quercetin 
solvate were simulated.  
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A B S T R A C T   

In this work, a novel quercetin solvate of dimethylformamide (QDMF) was studied. The crystal structure was 
solved using single crystal X-ray diffraction and analysed using synthon analysis and other particle informatics 
tools (e.g., solvate analyser). The thermal behaviour and thermodynamic stability of QDMF were studied 
experimentally using Raman spectroscopy, ATR-FTIR spectroscopy, differential scanning calorimetry, and 
thermogravimetric analysis. A clear relationship between the two-step desolvation behaviour of QDMF and the 
type, strength, and directionality of the main bulk synthons characterizing the QDMF structure was observed. 
Additionally, the attachment energy model was used to predict the QDMF morphology, together with facet- 
specific topology and chemical nature of each of the dominant {001}, {110}, and {200} facets. The {200} 
facet was found to be significantly rougher than the other two; whereas, the {110} was characterized by a higher 
percentage of exposed DMF molecules compared to the other two facets. Specific scanning electron microscopy 
and contact angle measurements were used to experimentally detect differences among the three facets and 
validate the modelling results.   
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1. Introduction 

Organic crystalline particles are widely used in many applications, 
including the pharmaceutical, food and chemical industries. Crystal 
properties such as size, morphology, polymorphism, and surface fea
tures (e.g., rugosity, facet-specific chemistry) can dramatically impact 
particle quality attributes such as solubility, flowability, rate of disso
lution and stability at ambient conditions [1–3]. The design of crystal
lization processes that consistently deliver the desired crystal properties 
is challenging and is often supported by the use of process analytical 
technology (PAT) tools [4–6], different modelling techniques (e.g., 
population balance, computational fluid dynamics) [7–10] and, more 
recently, data-driven approaches [11]. However, even more challenging 
is the determination of the exact crystal properties that affect specific 
quality attributes. Indeed, this task requires numerous and lengthy 
screening experiments during the product development stage to test the 
performance of crystalline particles with different size and shape dis
tributions, or different polymorphic forms. Getting a clear understand
ing of the relationship between crystal structure and particle quality 
attributes is essential to reduce product development times, therefore it 
is the main goal of the so-called “crystal engineering” approach [1,2,12]. 
This approach has become very popular in the last decade and focused 
mainly on relating specific features of a crystal structure with specific 
particle properties such as stability [13], solubility, bioavailability 
[14,15] and, more recently mechanical strength [16,17]. Crystal struc
ture visualization and modelling (e.g., synthon analysis) are two 
powerful tools of crystal engineers and have been successfully used to 
explain relative thermodynamic stability of different solid forms of the 
same compound [18–22] and improved solubility and dissolution rate of 
co-crystal formulation [23]. More recently, researchers attempted to 
apply the same tools to relate crystal structure with more specific par
ticle properties such as flowability [24,25] and facet-specific surface 
chemistry [21,26,27]. The result of these preliminary studies is the 
creation of the concept of “Particle Informatics”, which has been 
introduced to describe a “workflow of digital design tools to better un
derstand several stages in the formulation and manufacturing pipeline of 
small molecule pharmaceuticals” [17]. Each step of a characteristic 
Particle Informatics workflow provides a comprehensive understanding 
of particle behaviour and the analysis covers intermolecular in
teractions, prediction and evaluation of mechanical properties, calcu
lation and examination of particle morphology, analysis of surface 
energy, and evaluation of surface interactions [28,29]. Nevertheless, we 
are still far from a robust methodology that can be universally applied 
for a complete digital design of crystal structures that target specific 
particle quality attributes. This is due to the difficulty in: (1) precisely 
measuring some specific particle properties such as flowability, wetta
bility or facet-specific rugosity; (2) predicting the surface features of 
complex organic structures, such as solvates [30], salts, and co-crystals. 
In this work we attempt to address both these issues using computational 
tools (bulk synthon analysis [31], facet-specific topological analysis, and 
attachment energy models [32]) and experimental validation (X-ray 
indexing, scanning electron microscopy, facet-specific contact angle and 
Raman microscopy) for a complex organic structure, a quercetin solvate 
with N,N-dimethylformamide (QDMF). 

Quercetin, also known as 2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy- 
4H-chromen-4-one, is a naturally occurring flavonoid, a type of poly
phenolic compound, present in numerous fruits and vegetables, such as 
onions, tomatoes, apples, and berries [33]. Flavonoids are natural 
compounds found throughout various plant species and parts of plants; 
due to their well-documented health-promoting properties they are 
widely studied for several food and biological applications [34]. Quer
cetin has gained substantial attention in recent years, emerging as one of 
the most extensively researched flavonoids [35]. This increasing interest 
is due to its numerous health benefits, including its role as an antioxi
dant, anti-inflammatory agent, and its potential antitumor properties 
[36]. However, it is widely reported that this compound shows poor 

bioavailability and low aqueous solubility (≤ 20 μg/ml) [33,36] and so 
it has been classified as a class IV molecule in the Biopharmaceutical 
Classification System (BCS) [37]. For this reason, improving its disso
lution and bioavailability is necessary to fully exploit its potential ben
efits. Quercetin has a peculiar molecular structure, with the co-existence 
of several OH groups that can form hydrogen bonds, and aromatic rings 
that can contribute to strong non-polar stacking interactions, such as π −

π interactions. The possibility to form both polar and non-polar in
teractions can determine crystal anisotropy, and improves the chances 
to form multicomponent crystal structures where quercetin molecules 
are bonded with water, solvents, or co-crystal co-formers [37–39]. 
Hence, quercetin is an excellent candidate for the validation of Particle 
Informatics tools, as its physical and chemical properties (e.g., solubility, 
surface chemistry, bioavailability) can be tailored via the formation of 
different crystal structures. 

2. Materials and methods 

2.1. Materials 

Quercetin dihydrate (QDH) with a purity of 97% was obtained from 
Thermo Fisher Scientific (Kandel, Germany), and used without purifi
cation or recrystallization; N, N-dimethylformamide (DMF) solvent was 
purchased from Sigma Aldrich (Steinheim, Germany). 

2.2. Preparation of Quercetin in dimethylformamide (QDMF) 

The quercetin dimethylformamide solvate (QDMF) was prepared by 
adding 300 mg of QDH in 470 mg of DMF; the solution was heated up 
from 20 ◦C to 80 ◦C to dissolve the powder and then was cooled down 
again to room temperature using the multi-reactor crystallizer Crys
tal16® V2 (Technobis Crystallization Systems, Alkmaar, The 
Netherlands). The solution was stirred using an overhead stirrer at 780 
rpm, and heating and cooling rates of ±0.5 ◦C min− 1. After nucleation in 
the Crystal16 the vials were kept open at ambient conditions for at least 
5 days, to allow evaporation of the solvent and growth of the crystals. 

2.3. Single Crystal X-ray diffraction (SCXRD) 

To determine the crystal structure of the single crystals of suitable 
size, X-ray diffraction was performed with a Bruker-Nonius diffrac
tometer equipped with a Kappa CCD detector (Delft, The Netherlands) 
and connected to an Oxford Cryostream 700 low-temperature device 
using mirror graphite monochromated Mo Kα radiation (λ = 0.71073 Å). 
Data reduction and semiempirical absorption correction were done 
using the SADABS [40] program. The structures were solved by direct 
methods (SIR97 program) [41] and refined by the full-matrix least- 
squares method on F2 using SHELXL-2016 [42] with the aid of WinGX 
[43]. All carbon-bound hydrogen atoms were generated stereochemi
cally and refined by the “riding model”. After having placed C-bound H 
atoms, those bonded to N and O were clearly found in difference Fourier 
maps as the first maxima, and their coordinates were refined. For all H 
atoms, Uiso = 1.2 × Ueq of the carrier atom was assumed. The analysis of 
the crystal packing was performed using the program Mercury (CSD 
2023.3.1) [44]. The face indexing of the crystal sample was carried out 
using CrysalisPro (v.171.42.49, Rigaku Oxford Diffraction) software and 
is reported in the SI (Fig. S1). 

2.4. X-ray diffraction (PXRD, VT-PXRD) 

The XRD patterns of powder samples were obtained on a Panalytical 
X’Pert Pro, which was set up in Bragg-Brentano configuration, using a 
Cu Kα radiation. The sample was scanned between 3◦ and 40◦ in 2θ with 
a step size of 0.01313◦ (2θ) and time per step of 29 s. The X-ray 
generator was set at a tube voltage of 40 kV and a current of 40 mA. 
Samples were prepared with a Si zero background and measured 
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without spinning. Furthermore, to observe the changes in XRD patterns 
on the Panalytical X’Pert Pro the temperature of samples was increased 
in steps from 25 to 150 ◦C at a rate of 10 ◦C min− 1. 

2.5. Differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA) 

The thermal properties of QDMF were observed using a Mettler 
Toledo 8000 DSC-1 calorimeter (PerkinElmer). The differential scanning 
calorimeter was calibrated using indium. Initially, 6 mg of sample was 
accurately weighed into an aluminium pan. The lid was crimped in place 
and the sample heated from 25 to 350 ◦C at a heating rate of 10 ◦C 
min− 1. Nitrogen was used as the purge gas at 50 ml min− 1. The heat flow 
was measured in mW and through peak height, the melting point of the 
sample was determined. A Mettler Toledo TGA (1600, Columbus, OH, 
USA) was used for the thermogravimetric analysis. The sample was 
heated with a constant heating ramp of 10 ◦C min− 1 from 25 ◦C to 350 ◦C 
while argon (Ar) was supplied at a constant flow rate (50 ml min− 1). To 
investigate the desolvation process during the two endothermic events, 
the TRIOS software was used for the enthalpy calculation ΔHS,exp (J 
g− 1). The different onset temperatures of the desolvation processes 
indicate a different binding strength of the two molecules of solvent in 
the crystal. The solvent was lost in two steps and the percentage weight 
loss of solvate (ΔmS) was related to the enthalpy change calculated over 
the corresponding DSC desolvation endotherm (ΔHS,exp, in J g− 1) as in 
Eq. (1) [45]: 

ΔHS =

[
ΔHS,exp × 100

ΔmS

]

×Ms (1)  

where ΔHS (in J mol− 1) is the heat of vaporization of the QDMF and MS 
the molecular weight of the solvent. 

2.6. Raman spectroscopy 

Raman spectra were acquired using a 785 nm laser source with a 
LabRAM HR Evolution spectrometer (HORIBA Scientific, France) 
equipped with a 10× and 100× objective. Backscattered radiation was 
collected with a Synapse Plus BIDD Detector (1024 × 256 pixels), uti
lizing a 300/nm grating. No filter was applied and the laser power was 
set at 100%. Spectra were acquired with a 1-s acquisition time for 35 
accumulations. The first analysis was conducted at room temperature 
within the frequency range from 1690 to 1000 cm− 1. Principal 
Component Analysis (PCA) was performed on the set of accumulated 
spectra using the default pca function (data were smoothed with the 
sgolay default function) in MATLAB R2021a. The intensity of the first 
principal component score was projected on the x,y plane to generate 
the PCA maps. The x and y coordinates of the map ranged from − 40 to 
40 μm and from − 30 to 30 μm, respectively. Temperature ramp mea
surements were performed with a LinkamPE120 hot stage connected to 
a water circulation pump (Linkam Scientific Instruments, UK). The 
temperature was then varied with a T96 Peltier LinkPad controller. Each 
sample was heated up to 110 ◦C at 10 ◦C min− 1. The Raman spectra were 
acquired every 10 ◦C with 1-s acquisition time for 10 accumulations. 

2.7. Attenuated total reflection Fourier transform infrared spectroscopy 
(ATR-FTIR) 

Spectra were collected on a Bruker Tensor 27 FT-IR spectrometer. 
Samples were measured from 400 to 4000 cm− 1 at a resolution of 4 cm− 1 

and accumulating 64 scans. The data were processed using the Opus 
8.2.28 software. 

2.8. Scanning electron microscopy (SEM) 

The morphology of the QDMF samples was investigated using a field- 

emission scanning electron microscopy (FE-SEM) Zeiss Merlin operating 
at a 3 kV voltage and a 100 pA probe current, equipped with an annular 
In-Lens secondary electron detector. SEM specimen preparation was 
carried out by placing single crystals on stubs with carbon tape both 
without further preparation or after cleavage (using a sharp razor blade 
after X-ray indexing) along the main crystallographic planes, particu
larly the (1− 10) and the (001). Stubs and crystals were then coated with 
platinum for 30 s. 

2.9. Contact angle measurement 

Sessile drop measurements were conducted at room temperature 
using a DSA25 Drop Shape Analyzer (Krüss Scientific) equipped with a 
micro-syringe and a high-speed camera. Single crystals of QDMF of 
suitable size (few mm length and width) were placed in the measuring 
chamber, lying flat on their largest facets (the {110} and {200}). Water 
droplets (0.5 μl) were dispensed onto the horizontal facet using a 
straight needle, and the droplet behaviour was recorded with a camera. 
The droplet contour was analysed using the Young-Laplace method, and 
the contact angles between the particle substrate and the water droplet 
were determined. Each measurement was performed three times to 
ensure accuracy. 

2.10. Computational procedures 

The Materials Studio 2021(v21.1.1.3268) and Mercury (CSD 
2023.3.1) programs were used for the computational analysis; the latter 
software was also used for the visualization of the bulk and facet 
structures. Fig. 1 shows the workflow used for the computational 
modelling. 

The structure minimization and the optimization of unit cell pa
rameters were performed using the Forcite module in Materials Studio 
2021. The torsion angle between the phenyl and pyrone moieties was 
kept rigid. The SMART algorithm was selected for the structural mini
mization with the Dreiding forcefield [26]. General force constants and 
geometry parameters for this forcefield are based on simple hybridiza
tion rules rather than on specific combinations of atoms. The van der 
Waals interactions are described by the Lennard-Jones potential. Elec
trostatic interactions are described by atomic monopoles and a screened 
(distance-dependent) Coulombic term. Hydrogen bonding is described 
by an explicit Lennard-Jones 12–10 potential. The optimization pa
rameters are reported in Table S3. 

The intrinsic synthon analysis and calculation of the intermolecular 
interactions analysis were carried out with the Visual Habit module in 
the CSD-Particle suite in Mercury, between a fixed molecule and all the 
other molecules within a limiting radius of 30 Å. The Dreiding II [46] 
forcefield was used for this calculation. 

Before analysing the surface topology, the experimental morphology 
obtained via X-ray indexing was imported in Mercury to simulate only 
the facets that are present in the observed QDMF crystals. The cell pa
rameters, the facet miller indices and the hkl distances were input as a . 
cif file in Mercury to build the experimental crystal morphology and 
calculate the relative areas of the different facets. The attachment en
ergy model was applied to calculate the specific synthons contributing to 
the growth of the experimental facets and to simulate their topology (e. 
g., rugosity [47,48], densities of H-bond donors, H-bond acceptors, ar
omatic bonds). This was also carried out with the calculated Visual Habit 
morphology through the Surface Analysis tool in CSD-Particle. A script 
using the CSD Python API (a link to the script is provided in the SI) was 
used to further analyse the chemical nature of each facet obtained with 
the attachment energy model. Briefly, this script uses the individual 
surface nodes that make up each topological surface and identifies the 
percentage surface area attributable to each individual atom type. Due 
to minor overlap of these surface nodes for each atom type, the total 
percentage calculated for all atoms does not equal 100%. 
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3. Results & discussion 

3.1. Crystal structure characterization 

The crystallization of the QDMF solvate was carried out by cooling 
experiments, followed by slow evaporation of the solvent in a stable 
place until the precipitation of crystals with adequate size for single- 
crystal X-ray analysis (Fig. 2A). 

The QDMF structure was solved from single-crystal diffraction data 
collected at 173 K and the relevant crystallographic parameters are 
shown in Table 2. Further details of the data collection and structure 
refinement are provided in Table S1. The structure is monoclinic (C2/c) 
with one quercetin molecule and two DMF molecules in the asymmetric 
unit (Fig. 2C). 

In the structure of quercetin, the pyrone and phenyl rings are not 
coplanar; instead, they form a dihedral angle τ of 15.68(2)◦ between the 
average planes. Comparing the dihedral angle values with those of other 
known quercetin solvate structures (Quercetin monohydrate (QMH), 
Quercetin dihydrate (QDH), and Quercetin in dimethyl sulfoxide 
(QDMSO)), the torsion angle value becomes smaller (Table 1) when the 
quercetin molecules are stacked with a more compact geometry, 
involving either hydrogen bonds or stacking interactions (hydrogen 
bonds are reported in Table S2). 

The crystal packing of QDMF is shown in Fig. 3. Molecules are ar
ranged in undulated ribbons formed by strong H-bonding between hy
droxyl donor and carbonyl acceptor groups (1.928(2) Å and 2.103(2) Å 
distances) with the formation of R2

2 (10) ring motifs. Each quercetin 
molecule is involved in two strong hydrogen bonds with the two DMF 
solvate molecules (distances of 1.778(2) Å and 1.788(2) Å). 

Fig. 4A was obtained using the Voids calculation tools integrated 
within the Mercury software. It highlights, in yellow, the volume 
occupied by the DMF molecules in the crystal packing of the QDMF 
structure, representing 23.9% of the unit cell volume. From Fig. 4B, it is 
possible to highlight how the two DMF molecules are differently ar
ranged inside the crystal packing. In particular, the DMF molecules, red 
and blue, occupy 7.2% and 5.2% of the total surface structure, forming 
channels and pockets respectively. This structural feature could be 
associated with the time-step desolvation process observed during the 
thermal analysis. 

3.2. Thermodynamic stability of QDMF 

The DSC curve for QDMF exhibited three main endothermic events, 
as shown in Fig. 5. The first and the second one can be associated with 

desolvation processes, as shown by thermogravimetric analysis reported 
in the same figure. Desolvation occurs at high temperatures (approxi
mately 103 ◦C and 171 ◦C, respectively), which suggests that the solvent 
molecules are strongly bound in the crystal structure [49]. These values 
of onset temperature are similar to those reported for desolvation of 
other quercetin solid forms, such as the dihydrate (95 ◦C) and the 
quercetin DMSO solvate (136 ◦C) [35,50]. The third sharp endothermic 
peak is related to the melting point of quercetin and occurred at 
approximately 314 ◦C, which agrees with the corresponding value 

Fig. 1. Workflow used in this work for computational modelling.  

Fig. 2. Micrograph (A), SEM image (B), and chemical structure of QDMF crystals (C).  

Table 1 
Torsion angle values between pyrone and phenyl rings of quercetin solvate and 
hydrates forms.   

QA QMH QDH QDMSO QDMF 

CSD 
Refcode 

NAFZEC02 AKIJEK FEFBEX02 VUVHOM N/A 

Torsion 
Angle ◦

20.73(3) − 1.04 
(3) 

6.50(3) 30.71(3)/ 
31.11(3) 

15.63 
(3)  

Table 2 
Crystallographic information for QDMF.  

Temperature/K 173.15 

Formula C15 H10 O7,2(C3 H7 N O) 
Z,Z′ 8,1 
crystal system, space group monoclinic, C2/c 
a/Å 20.840(5) 
b/Å 17.109(4) 
c/Å 13.736(3) 
α/◦ 90 
β/◦ 119.42(2) 
γ/◦ 90 
cell volume/Å3 4266.01 
cell density/g cm− 3 1.396 
μ/mm− 1 0.110  

Table 3 
Thermogravimetric and calorimetric data for QDMF solvate.  

Endothermic 
peaks 

Desolvation 
onset 

temperature (◦C) 

Desolvation 
enthalpy change 
ΔHS,exp (J g− 1) 

Percent 
mass loss 

ΔmS% 

ΔHS (kJ 
mol− 1) 

1 95 66.57 10.5 46.3 
2 146 92.36 22 30.6  
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reported in literature. The melting is followed by an exothermal peak at 
356 ◦C attributable to chemical decomposition. 

Combining the TGA analysis in Fig. 5, the curve obtained for QDMF 
exhibited a three-step weight loss. Considering complete desolvation of 
QDMF, the total theoretical weight loss (stoichiometry 1:2, quercetin to 
dimethylformamide) should be 32.6%. The observed loss from TGA is 

around 32%, which is consistent with the theoretical value. The first loss 
in mass is 10%, with an onset temperature of 95 ◦C and finishing at 
112 ◦C. A second weight loss event occurs between 146 ◦C and 177 ◦C, 
with a higher mass loss of 22%. These thermal events, also observed 
previously in the DSC curves, should correspond to the complete loss of 
the solvent incorporated into the crystal. 

The theoretical enthalpy of desolvation was calculated with TRIOS 

Table 4 
Summary of intermolecular interactions in QDMF structure.  

interaction 
number 

molecules interaction 
type 

centroid- 
centroid 
distance 

(Å) 

interaction 
energy 

(kcal mol− 1) 

% to 
total 

lattice 
energy 

interaction 
1 

quercetin - 
quercetin 

hydrogen 
bond 

11.29 − 6.15 19.4% 

interaction 
2 

quercetin - 
quercetin 

off-set 
stacking 

5.04 − 5.99 18.9% 

interaction 
3 

quercetin - 
quercetin 

off-set 
stacking 

4.64 − 5.36 16.9% 

interaction 
4 

quercetin 
– DMF1 

hydrogen 
bond 

8.67 − 3.33 10.5% 

interaction 
5 

quercetin - 
DMF2 

hydrogen 
bond 

9.40 − 3.24 10.2%     

Total 75.9%  

Table 5 
Indexed morphology analysis performed by importing SCXRD data in Mercury.  

Form Multiplicity Facets Relative area (%) Total form area (%) 

{001} 2 (001) 11 22 
(00− 1) 11 

{110} 4 

(110) 10 

55 
(1–10) 18 
(− 110) 17 

(− 1− 10) 9 

{200} 2 (200) 11 23 
(− 200) 12  

Table 6 
Parameters calculated through the surface analysis to determine the rugosity of 
forms and identify the predominant exposure of H-bond donor, H-bond 
acceptor, or aromatic groups, which largely compose the terminations of main 
facets. The rugosity is calculated as the ratio between the total area of the spe
cific facet and the projected area of the same portion of the facet.  

Form Multiplicity Rugosity Donors 
(count/ 

Å2) 

Acceptors 
(count/ Å2) 

Aromatics 
(count/ Å2) 

{001} 2 1.353 0.047 0.063 0.094 
{110} 4 1.604 0.017 0.044 0.000 
{200} 2 2.230 0.036 0.067 0.079  

Table 7 
Surface chemistry coverage for different facets estimated with the CSD Python 
API.  

Atom 
Type 

Molecule (001) 
Percentage 
Coverage 

(1–10) 
Percentage 
Coverage 

(200) 
Percentage 
Coverage 

aromatic 
C 

Quercetin 35.419 – 30.828 

sp3 O Quercetin 31.895 5.156 21.617 
amide N DMF 1.251 4.619 1.430 

sp3 C DMF 4.452 26.926 12.817 
sp2 C quercetin, 

DMF 
9.934 13.445 13.582 

sp2 O quercetin, 
DMF 

7.685 16.886 8.536 

H quercetin, 
DMF 

41.222 62.066 46.559  

Fig. 3. Packing view of QDMF: a) view along the c axis showing the hydrogen 
bonds (light grey) between quercetin-quercetin and quercetin-DMF molecules; 
b) view along the a axis. 

Fig. 4. Void calculation representation (A) and Solvate Analyser images for the 
three different facets (B). 
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and the results are shown in Table 3. When comparing the ΔHS values, it 
is evident that the first desolvation step takes slightly more energy than 
the second one. 

To investigate the structural changes in QDMF when the temperature 
is increased, variable temperature PXRD analysis was performed. Re
sults are illustrated in Fig. 6; the main diffraction peak of QDMF from 25 
to 75 ◦C is at 7.0◦, and it decreases in intensity when the temperature 
reaches 100 ◦C. Other changes are evident in the XRD patterns, indi
cating structural changes that are related to the desolvation phenomena 
observed in the DSC and TGA. It is worth noting that, despite the pres
ence of channels in the QDMF crystal lattice, the desolvation process 
does not preserve the structure, perhaps due to the strong interactions 
between quercetin and DMF molecules (as shown in the following sec
tions). The desolvation process leads to the formation of an anhydrous 
form of quercetin, with a diffraction pattern-similar to that of the des
olvated crystalline forms reported by Klitou et al. [35] (Fig. S2). 

3.3. Bulk intermolecular interactions of QDMF 

The five strongest intermolecular interactions in the QDMF structure 
are summarized in Fig. 7. For every interaction, the view in the lattice 
along a specific axis is reported, together with a view of the two mole
cules that are responsible for the interaction. Table 4 illustrates the 
distance, the interaction energy, and the contribution to the total lattice 
energy for each synthon. The strongest interaction, interaction 1, is a 
hydrogen bond between two quercetin molecules, located along the b 
axis of the unit cell. The nonplanar conformation of the quercetin mol
ecules facilitates close contact between the acceptor and donor groups. 

The second and third strongest interactions, interaction 2 and 
interaction 3, are parallel displaced off-set stacking interactions between 
two quercetin molecules with longer stacking distances (4.64 Å and 
5.04 Å) than the quercetin dihydrate form (3.67 Å) but comparable with 
other solvates/hydrates quercetin crystalline forms (4.85 Å Quercetin 
monohydrate, 5.05 Å Quercetin-DMSO) [50], suggesting a less dense 
packing of the molecules in the crystal structure. The primary factor 
influencing this form of interaction arises from the aromatic carbon 
atoms found in the phenyl and pyrone rings of quercetin molecules. 
These interactions occur through attractive Van der Waals forces, and 
they facilitate the creation of continuous chains of quercetin molecules 
arranged in a staggered orientation. Each quercetin interacts with two 
different DMF molecules through two different hydroxyl groups of the 
quercetin molecule. 

The interaction energies of the two synthons are very similar, with 
similar interaction geometries between the two synthons. However, only 
one of the two DMF molecules (DMF1 in Fig. 8) has its centroid in the 
average molecular plane of quercetin (interaction 4), while the other 
(DMF2 in Fig. 8) is slightly displaced by 1.823 Å. 

This geometric difference can affect the desolvation process of the 
crystal structure, which starts with the expulsion of the DMF molecule 
involved in the interaction 5 synthon, and a subsequent co-expulsion 
with the other DMF molecule involved in the interaction 4 synthon, 
that is in line with a time-step desolvation event as shown from the 
thermogravimetric analysis reported in Fig. 5. 

These five interactions contribute to over 75% of the total lattice 
energy; it is evident that the total lattice energy is dominated by 
hydrogen bond interactions, allowing the formation of infinite ribbon 
chains along the b axis, while the contribution of the off-set stacking 
helps the undulated layers to interact more closely. 

ATR-FTIR spectroscopy was further performed to elucidate the 
hydrogen bond interactions between the solvent and quercetin mole
cules (Fig. S3). We have compared the QDMF spectrum with that of 
quercetin dihydrate (QDH), whose structure is well known. Both spectra 
show multiple dense clusters of overlapping peaks in the region between 
1700 and 400 cm− 1. The functional groups involved in hydrogen 
bonding (hydroxyl and carboxylic groups) are the same in both the 
compounds, but the stretching mode of –C=O (1660 (QDH) and 1641 
(QDMF) cm− 1) and the bending mode of –OH (1380 (QDH) and 1312 
(QDMF) cm− 1) in the QDMF spectrum are shifted at lower frequency 
(red shift) compared to QDH. This indicates a closer distance of the 
hydrogen bonding interaction. Moreover, the QDMF compound shows a 
strong sharp peak related to the –OH stretching at 3351 cm− 1, which is 
instead broad and weak in the QDH spectrum due to the presence of 
water molecules in the structure. 

The prevalence of hydrogen bonding in the structure of QDMF is 
likely the reason for its hydrophilic nature, as shown by the water 
contact angle measured on single crystals (Fig. S4), which was measured 
as 33.7 ± 10.8◦ (mean value of the {200} and {110} facets). It was noted 
that water droplets were quickly adsorbed by the single crystals during 
the measurements, possibly due to the high affinity of the QDMF for 
water. 

Fig. 5. DSC (red) and TGA (black) curves obtained on QDMF. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 6. Variable temperature-powder X-ray diffraction patterns of QDMF.  
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3.4. Crystal surface experimental and simulated features 

The morphology analysis performed with Mercury on the experi
mentally indexed crystals (Table 5) revealed the presence of three 
prevalent facets in the obtained QDMF crystals: the {110}, accounting 
for 55% of the total crystal surface, the {001}, and the {200}, measuring 
22 % and 23%, respectively. The simulated morphology obtained from 
the attachment energy model is reported in (Fig. S5). 

Through application of the attachment energy model, it was found 
that the dominant interaction contributing to the growth of the (001) 
facet is the stacking interaction between quercetin molecules, as shown 
in Fig. 9. For the other two main facets exposed, (1–10) and (200), the 
primary contributing interaction is the hydrogen bonding between 
quercetin molecules. Analysing the surface, the contribution of aromatic 
bonds, H-bond donors, and H-bond acceptors is more evident on the 
(001) facet, due to the prevalence of quercetin molecules on this surface 
since these molecules terminate with aromatic carbons, OH donor 
groups, and O-atoms of carbonyl and hydroxyl groups, which can act as 

acceptors. Conversely, the (1–10) and (200) facets exhibit fewer of these 
functional groups. There is no presence of aromatic bonds on the (1–10) 
facet and the presence of acceptors and donors is considerably lower, as 
illustrated in Table 6. The lower incidence of aromatic groups present on 
these surfaces is in line with the water contact angle values measured, 
which indicate the hydrophilic nature of the two largest facets. 

Table 6 also shows another parameter that can be calculated from 
crystallographic data, e.g., the facet-specific atomic rugosity (visually 
represented in Fig. 9). While the (200) facet has higher rugosity 
compared to the other two facets, none of the surfaces can be considered 
“smooth”. 

To experimentally assess the calculated facet-specific rugosity, SEM 
was carried out on cleaved crystals. Non-cleaved crystals were also 
analysed, but the presence of secondary nucleation particles and des
olvation effects (Fig. S6), did not allow a full overview of the nanoscopic 
surface features. Hence, cleavage was performed to expose fresh facets 
and identify clearly the desired crystallographic planes to analyse. 
Fig. 10 shows the (001) and (1–10) facets exposed after cleavage at 

Fig. 7. Principal intermolecular interactions (light blue) in QDMF that contribute most to the total lattice energy, ordered by strength. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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different magnifications. The scale of the surface features observed in 
the SEM is much larger than that observed in the simulated topologies 
(Fig. 9); nevertheless, regular nano-sized surface patterns are still 
evident for both facets and similar to the simulated morphologies. The 
rugosity of the two analysed facets is similar, in accordance with the 
calculated results shown in Table 6. Facet (001) presents a slightly 
higher rugosity compared to the other facets, due to the presence of a 
higher concentration of higher hills and deeper valleys on its surface. 
The surface features characterizing facet (1–10) are less deep, and more 
rounded compared to those of facet (001). This is in disagreement with 
the modelling results, which showed slightly higher rugosity for facet 
(1–10). However, it is possible that cleavage induced plastic deforma
tion of the exposed (1–10) facets, reducing its rugosity (which might 
explain the more rounded features for this facet). Plastic deformation 
was noticed in other cleaved crystals, which were cut less carefully that 
that of Fig. 10, as shown in Fig. S7. This facet specific tendency to plastic 
deformation might be due to the different nature of the intermolecular 
interactions that contribute to these facets: strong hydrogen bonds for 
the (1–10) and off-set stacking for the (001). 

The CSD Python API was used to assess the percentage coverage of 
the different atoms of quercetin and DMF molecules on the different 
facets. This method confirmed that the (001) facet exhibits greater 
exposure of the quercetin molecules: Table 7 demonstrates that the 
presence of aromatic carbon and sp3 oxygen, both of which are char
acteristic of quercetin molecules, on this facet is considerably higher 
compared to the other facets. The (1–10) facet instead has a higher 
percentage of DMF molecules, characterized by the presence of nitrogen 
and sp3 carbon atoms. 

This helps to explain why the desolvation process is more evident on 
the (1–10) facet, as shown in Fig. 11. Optical images of QDMF crystals at 
different temperatures are shown in Fig. 11A, while Fig. 11B shows the 
corresponding Raman spectra. Surface changes are evident in the im
ages, and the Raman spectra shows conversion of the QDMF into an 
anhydrous form previously observed upon dehydration of the stable 
quercetin dihydrate [35] (Fig. S8). Furthermore, Fig. 11C and Fig. 11D 
show SEM images of the (1–10) facet of an aged QDMF crystal: regular 
voids are present on this facet, possibly formed upon release of the DMF 
molecules characterizing this crystallographic plane. 

In order to verify the differences in chemical nature of the three main 
QDMF facets, micro-Raman maps were acquired on cleaved and non- 
cleaved crystals of QDMF exposing the (1–10) and (001) facets. 
Fig. 12A shows the external surface (crystal freshly collected from the 
solvent) and the two facets after cleavage. No significant difference can 
be observed among the spectra, possibly due to the low sensitivity of the 
micro-Raman technique. However, differences can be observed after a 
few hours of exposure to the atmosphere. The changes are likely related 
to the desolvation process, also observed in Fig. 11, but it is evident that 
the mechanism and kinetics of desolvation are different for each facet, in 
agreement with the different surface chemistry calculated in Table 7. A 
further experiment was performed using 100× magnification: Raman 
mapping in x and y dimensions was conducted on the (1–10) non- 
cleaved facet and is reported in Fig. S9 and S10. Secondary nucleation 
fine particles were identified on this facet, but no significant differences 
in the spectra were detected, indicating uniformity across the facet. 

The group of bands between 1500 and 1300 cm− 1 can be linked to 
mechanical coupled vibrations of (C–C) stretching and in-plane (CH) 
and (C-OH) bending (36); specifically, the peaks within this interval are 
revealed at 1327, 1378, 1429 and 1502 cm− 1. The peak around 1568 
cm− 1 can be attributed to phenyl and benzo rings (C=C) stretching, 

Fig. 8. Molecular displacement of DMF molecules. In red the molecular plane 
of the quercetin calculated by considering all the molecular backbone atoms. In 
black the molecular centroids of the two different DMF molecules calculated by 
considering all the atoms of the molecular backbone. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 9. Surface topology and rugosity comparison for QDMF: the average plane (green), region above the average plane (yellow), and region below the average plane 
(blue). The projected area of the three main facets (001), (1–10) and (200) are 61, 58, and 40 nm2. The terminations of the facets are also shown. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. SEM images of the {001} (A and C), and {110} (B and D) facets of cleaved crystal of QDMF at different magnifications.  

Fig. 11. QDMF desolvation process. (A) Optical images at different temperatures. (B) Raman spectra at different temperatures. (C) and (D) non cleaved (1–10) facet 
at two different SEM magnifications. 
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while the peaks at 1620 and 1654 cm− 1 are associated with the (C=C) 
stretching and (C=O) stretching, respectively. 

In conclusion, as schematically represented in Fig. 13, in this work 
combinations of different Particle Informatics tools such as synthon 
analysis, crystal structure visualization, and attachment energy calcu
lations were used to model bulk and facet specific surface features of 
QDMF. Such simulated data were linked to important quality attributes 
of QDMF crystals; in particular, the desolvation behaviour, crystal 
anisotropy and facet specific properties (roughness and surface 
chemistry). 

4. Conclusions 

In this work Particle Informatics tools were used to model bulk and 
surface properties of a DMF solvate of quercetin, QDMF. The intrinsic 
synthon analysis showed prevalence of hydrogen bonds (around 40% of 
the total lattice energy) in the structure, together with off-set stacking of 
quercetin molecules (35.8% of the total lattice energy). From the 
attachment energy model, it was found that the largest {110} facet 
grows predominantly via hydrogen bonds, which explains the hydro
philic nature of this crystal structure, as shown by contact angle mea
surements. Additionally, it was found that DMF molecules in the QDMF 
structure are involved in two different quercetin-DMF synthons, which 
might explain why DMF desolvation happens in more than one step, 

with structural rearrangement in between (as demonstrated by DSC and 
TGA). The attachment energy model was also used to determine the 
chemical nature and topology of the three main facets identified 
experimentally, the (1–10), (200) and the (001). Significant differences 
in roughness and surface features between the rougher (200) facet and 
the other two were estimated. SEM images confirmed this surface 
anisotropy, although at a different scale compared to the modelling 
results. 

Finally, it was found that the largest (1–10) facet is mostly occupied 
by exposed DMF molecules, which explains why desolvation preferen
tially happens on this facet; experimental evidence of this phenomenon 
was detected with SEM and Raman spectroscopy. 

Our findings demonstrate that Particle Informatics tools are effective 
in predicting critical particle quality attributes, such as stability to 
desolvation, water wettability, and facet-specific anisotropy. 
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