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Abstract

Background/Objectives: Dihydroquercetin, known for its broad biological activities, is a
key component in dietary supplements and functional foods. This study aims to identify
its novel pure solid forms, advancing understanding of its physicochemical properties and
polymorphism. Methods: Systematic screening, preparation, and characterization efforts
identified five solvates: dihydroquercetin monohydrate (1:1, S1 and S2), sesquihydrate
(1:1.5, S3), dihydrate (1:2, S4), and ACN solvate (1:1, S5), along with one solvent-free phase
(S6). Results: The crystal structures of the five solvates were successfully elucidated for
the first time. A comprehensive suite of techniques, including single-crystal and powder
X-ray diffraction, DSC, TG, and FT-IR, were employed to characterize the solvates and
polymorphs. Hirshfeld surface analysis, void map analysis, intermolecular energy calcula-
tions, and energy framework methods were utilized to investigate the characteristics of the
solvates. The crystal transformation relationships among these forms were also explored.
Conclusions: Results demonstrate that O···H interactions dominate the intermolecular
forces, accounting for over 35% of the total interactions.

Keywords: dihydroquercetin; solvates; polymorphs; crystal structure; physical
characterization; hirshfeld surface; energy frameworks

1. Introduction
In the fields of pharmaceutical science, materials chemistry, and nutraceuticals, the

discovery of novel solid forms of active pharmaceutical ingredients (APIs) is of paramount
importance [1]. These forms can enhance solubility, stability, and bioavailability, thereby im-
proving drugability or the adaptability of natural products for medicinal applications [2,3].
Among strategies to overcome limitations of active pharmaceutical ingredients (APIs), poly-
morphic studies are the most direct and efficient. Compared to alternatives like chemical
modification [4], they provide a simpler path to drug development while maintaining the
inherent pharmacological activity. The investigation of solvates offers critical insights into
intermolecular interactions and structure–activity relationships [5]. In certain instances,
solvates represent the sole viable route to access specific polymorphic forms or hydrates [6].
By controlling crystallization parameters, researchers can selectively crystallize desired sol-
vate structures [7]. These advancements optimize manufacturing processes and contribute
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to crystal engineering, which is foundational for designing novel materials and pharmaceu-
ticals, thus driving innovations in drug development and nutraceutical applications [8,9].

Dihydroquercetin (DHQ, C15H12O7, Figure 1), also known as taxifolin, is a natu-
ral flavonoid widely distributed in fruits, vegetables, and many plants [10]. As a key
component of dietary supplements and functional foods, DHQ is highly valued for its
rich antioxidant properties. In 2017, the European Commission issued (EU) 2017/2079,
authorizing taxifolin-rich extract as a novel food ingredient and approving its use at a
daily intake of 100 mg in dietary supplements, with the exception of infants, children,
and adolescents [11]. Sunil summarized the health-promoting effects of taxifolin in 2019.
Extensive studies have demonstrated that DHQ exhibits a wide range of biological ac-
tivities, including antioxidant [12,13], anti-inflammatory [14,15], anti-anaphylaxis [16],
antiradical [17], anti-Alzheimer [18], antimicrobial [19], antiangiogenic [20], and hepato-
protective properties [19]. Furthermore, it plays a crucial role in treating serious diseases
including cancers [21], chronic obstructive pulmonary disease [22], pulmonary fibrosis [23],
parkinsonism [24], obesity [25], periodontitis [26], cardiovascular [27], diabetic [28], and
nervous disorders [29]. Additional research also indicates its therapeutic potential for
diabetic encephalopathy [30], nephroprotective effects against acute kidney injury [31],
and amelioration of ulcerative colitis [32]. These multiple biological effects and health
benefits indicate that DHQ is highly suitable for use as a food supplement, functional food
ingredient, and potential therapeutic agent.

 

Figure 1. Chemical structures of (R,R)-enantiomer DHQ.

DHQ exhibits polymorphism, with various crystalline forms reported. Selivanova
first reported the Form I of DHQ in 1999 [33], a 2.5-hydrate crystallizing in the C 2 space
group with the cell parameters a = 23.557 Å, b = 5.206 Å, c = 25.512 Å, β = 103.18 Å, and
V = 3046.30 Å3. This structure was later confirmed by Nifant’ev and Terekhov in 2006 [34]
and 2019 [35], respectively. In 2018, Wu [36] et al. reported two anhydrous forms of DHQ:
Form II (melting point 216.8 ◦C) and Form III (melting point 239.2 ◦C). In 2020, Terekhov
reported two crystalline forms: microspheres (amorphous, Form IV) and microtubes
(pseudopolymorphism of Form I, designated as Form Ia) [37]. In 2021, Moura explored
DHQ polymorphs and acquired six different crystalline phases of DHQ [38]. Although
six DHQ phases have been described, most recrystallized samples were not phase-pure
but were mixtures of two or more polymorphs or solvates. Only two phases have well-
defined pure crystalline forms—Phase 1 (Form I) and Phase 3 (Form V)—determined by
single-crystal X-ray diffraction (SCXRD).

Here, we present the screening, preparation, and characterization of DHQ solvates and
polymorphs. Six pure phases were obtained, including four hydrates S1–S4 (Forms IX–XII),
one solvate S5 (Forms VIII), and one anhydrate S6 (Forms V), with five crystal structures
identified by SCXRD for the first time. All these crystalline phases are pure forms which are
different from the reference [37]. All DHQ solid forms reported in the literature and newly
discovered in this study are summarized in Table 1. The pure crystallized forms were
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characterized using PXRD, differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and Fourier transform infrared (FTIR). Transformation pathways among
S1–S6 were identified. Hirshfeld surface analysis, packing efficiency analysis, intermolec-
ular energy calculations, and 3D energy framework were utilized to investigate the five
solvates’ properties, aiding in observing compound organization in crystal structures and
quantifying intermolecular interaction contributions to stable crystal packing [39,40].

Table 1. Summary of Solid-State Forms of DHQ.

Form Designation Category Chemical Composition Crystal System/State

Form I Reported DHQ•2.5H2O Monoclinic

Form Ia Reported DHQ•xH2O
(pseudopolymorph, microtubes) Monoclinic

Form II Reported DHQ Crystalline
Form III Reported DHQ Crystalline
Form IV Reported DHQ (microspheres) Amorphous
Form V Reported DHQ (S6) Monoclinic
Form VI Reported DHQ•1H2O Crystalline
Form VII Reported DHQ Triclinic
Form VIII Newly Discovered DHQ•1ACN (S5) Monoclinic
Form IX Newly Discovered DHQ•1H2O (S1) Triclinic
Form X Newly Discovered DHQ•1H2O (S2) Monoclinic
Form XI Newly Discovered DHQ•1.5H2O (S3) Monoclinic
Form XII Newly Discovered DHQ•2H2O (S4) Monoclinic

2. Materials and Methods
2.1. Materials

DHQ sesquihydrate (S3, purity: 98%, a racemic mixture of (R,R)- and (S,S)- enan-
tiomers) was purchased from Shaanxi Huike Plant Development Co., Ltd., (Xi’an, China),
ligustrazine hydrochloride (98%) was purchased from Wuhan Yuancheng science and tech-
nology development Co., Ltd., (Wuhan, China). All solvents (including methanol; ethanol;
n-butanol; n-propanol; isopropanol; ethyl acetate; acetone; tetrahydrofuran; 1,4-dioxane;
acetonitrile; chloroform; DMF; DMA; DMSO; purified water) used for experiments were of
analytical or chromatographic grade purchased from sinopharm chemical reagent Co., Ltd.
(Beijing, China) and Fuchen Chemical Reagent Co., Ltd. (Tianjin, China).

2.2. Phase Screening

The phase screening of DHQ was performed using the Technobis Crystal 16® system.
Based on the polarity of the solvents and the solubility of dihydroquercetin (DHQ), and
considering the principles of appropriate boiling points and the ability to form supramolec-
ular synthons, a systematic phase screening of DHQ was conducted using 13 solvents,
notably including methanol, ethanol, acetone, acetonitrile, and ethyl acetate—at varying
ratios and temperatures. About 50–200 mg of DHQ were added in 7 mL glass vials with
different solvents; all solutions were prepared on a 5 mL scale. Solutions were agitated at
500 rpm using a magnetic stirrer bar at 55 ◦C during the experiments. The crystallization
was induced by slow evaporation at room temperature. Specifically, the solutions were
kept under ambient conditions allowing for gradual solvent evaporation. The resulting
precipitates were isolated by filtration using filter paper and subsequently dried at room
temperature in a well-ventilated area for 24 h. Each preparation method described above
was performed three times to ensure the stability and reliability of the preparation process
through quality control measures.
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2.3. Preparation of Phases

The preparation of DHQ monohydrate powder S1 was performed by grinding 100 mg
of DHQ raw material (S3, DHQ•1.5H2O) with 1 mL of acetone or methanol at 22 ◦C for
15 min. For single crystal S1, 50 mg of DHQ was dissolved in 5 mL acetone to form a
supersaturated solution at 55 ◦C, filtered, and left at 20 ◦C for 10 days. S2 was prepared
by dissolving 100 mg of DHQ raw material in acetonitrile or a 1:1 mixture of acetonitrile
and acetone at 55 ◦C, followed by filtration and crystallization at room temperature for
approximately 10 days. The formation of monohydrates S1 and S2 from ostensibly an-
hydrous organic solvents can be explained by the dehydration of the DHQ raw material
(S3, DHQ•1.5H2O) during the crystallization process. DHQ sesquihydrate (S3) was iden-
tified from raw material. Single crystal S3 was prepared by dissolving 50 mg of DHQ in
a 2:1 acetone–water mixture (about 4 mL) at 55 ◦C, followed by filtration crystallization
at 20 ◦C for 10 days. For S4, about 50 mg of DHQ raw material was dissolved in ethanol
containing ligustrazine hydrochloride, making a supersaturated solution at 45 ◦C, followed
by filtration and storing at 25 ◦C for two weeks. For S5, 50 mg of DHQ raw material
was weighed into a vial; a saturated acetonitrile solution (about 4 mL) was prepared at
55 ◦C, cooled to room temperature (about 15 ◦C), filtered, and 2 mL of the filtrate was
mixed with 1 mL of chloroform. It was then left at room temperature for 3 days to obtain
pale yellow flake crystals. DHQ anhydrate (S6) was prepared by drying DHQ raw mate-
rial (S3, DHQ•1.5H2O) at 145 ◦C for 40 min. However, because S4 was serendipitously
discovered during attempts to grow cocrystals of ligustrazine hydrochloride and DHQ,
this phase could not be reproducibly obtained through subsequent preparation attempts.
Therefore, only SCXRD analysis, Hirshfeld surface investigation, and related calculations
were performed on the initially acquired sample.

2.4. SCXRD

The SCXRD measurements were conducted using a MicroMax 002+ diffractometer
(Rigaku, The Woodlands, TX, USA) and an XtaLAB Synergy R DW system (The Woodlands,
TX, USA) with Cu Kα radiation (λ = 1.54187 Å). The instruments were equipped with
CCD detectors and a graphite monochromator (Rigaku, Americas, The Woodlands, TX,
USA) to ensure high-precision data collection and optimal signal quality. Data collection
and reduction were carried out using the CrysAlisPro program. The structure was solved
using the direct method implemented in SHELXT and refined by SHELXL’s full matrix
least-squares F2 procedure using SHELXL-2019/2 [41]. Non-hydrogen atoms were refined
with anisotropic displacement parameters, while hydrogen atoms of the skeleton were
refined with isotropic displacement parameters. Partial H atoms of the hydroxyl groups
were located from the difference electron density maps, whereas other H atoms of water
were theoretically assigned in calculated positions. Hydrogen atoms were placed in ideal-
ized positions with Uiso(H) = 1.2Ueq (CH) and Uiso(H) = 1.5Ueq(OH) [42]. Disordered
moieties in the crystal structures were modeled using PART instructions. The geome-
tries and displacement parameters were restrained using SIMU, RIGU, SADI, and DFIX
commands to ensure a stable refinement. Crystallographic data for DHQ•monohydrates,
DHQ•sesquihydrate, DHQ•dihydrate, and DHQ•acetonitrile solvate have been deposited
at the Cambridge Crystallographic Data Centre as No. 2422558–2422562, respectively.

2.5. Hirshfeld Surface Analysis and Packing Efficiency Analysis

Hirshfeld surfaces and fingerprint plots were obtained using CrystalExplorer 21.5 [43,44].
Void Map Calculations were calculated using Mercury software (version 2020.3.0, Cam-
bridge Crystallographic Data Center, Cambridge, UK) [45]. The calculation parameters
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were set to a probe radius of 1.0 Å and an approximate grid spacing of 0.3 Å, with the
calculations performed using the contact surface method.

2.6. Intermolecular Energy Calculation and Their Energy Frameworks

The intermolecular energy was estimated and visualized [46] with the CrystalEx-
plorer 25.09 software; the single-point molecular wave functions were calculated using
the B3LYP/def2-svp [47] method with a cluster radius of 20 Å. Energies of intermolecular
model were also analyzed using the energy framework method implemented in CrystalEx-
plorer 21.5 [39,43,44,46]. A pair of molecules was selected to calculate the Pairwise Energy
of DHQ solvates. The total interaction energy (Etot) is typically calculated by Equation (1)

Etot = keleEele + kpolEpol + kdisEdis + krepErep (1)

where the components of Eele, Epol, Edis, and Erep represented the energies of electrostatic
interactions, polarization, dispersion and exchange–repulsion, with corresponding scale
factors k of 1.057, 0.740, 0.871, and 0.618, respectively [47].

2.7. PXRD

Powder X-ray diffraction data were collected by a D/max-2550 diffractometer (Rigaku,
Tokyo, Japan) with Cu Ka radiation (λ = 1.54178 Å), operated at 40 kV and 150 mA. Samples
were determined at the diffraction angle (2θ) from 3 to 40◦ with a scanning rate of 8◦/min
and a step size of 0.02◦.

2.8. DSC and TGA

DSC was performed in a DSC 1 system (Mettler-Toledo, Greifensee, Switzerland) to
determine the melting temperature and the thermodynamic properties of the samples.
Samples (3–5 mg) were placed in sealed aluminum pans with a pinhole and heated at
a heating rate of 10 ◦C/min under nitrogen flow (50 mL/min). An empty pinhole disk
was used as a reference. TGA was performed in a TGA/DSC system (Mettler Toledo,
Switzerland). Samples (5–10 mg) were placed in standard alumina crucibles and heated
from 30 to 500 ◦C at a rate of 10 ◦C/min under the protection of a nitrogen flow of
10 mL/min.

2.9. FT-IR

FT-IR spectra were obtained using an FT-IR spectrophotometer (Spectrum 400,
PerkinElmer, Waltham, MA, USA). Powders were gently ground with a mortar and put on
a diamond plate of the ATR accessory devices. All samples were scanned in the range of
4000–650 cm−1 at a resolution of 4 cm−1.

2.10. Accelerated Stability Study

The solid-state stability of the crystalline phases was investigated under controlled
stress conditions. Three separate stability studies were conducted in a pharmaceutical
stability testing chamber (HWS-70B, Taisite Instrument Co., Ltd., Tianjin, China) with
precisely defined parameters: thermal stress study (60 ◦C ± 2 ◦C, 60% ± 5%, no light);
humidity stress study (25 ◦C ± 2 ◦C, 90% ± 5%, no light); and photolytic stress study
(25 ◦C ± 2 ◦C, 60% ± 5%, 4500 ± 500 lx). All samples were placed in transparent glass
bottles. The study period was 10 days under all conditions, with sampling and PXRD
analysis conducted on days 0, 5, and 10 to monitor solid-state phase transitions.
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3. Results and Discussion
3.1. Crystal Structures

S1 DHQ monohydrate. The crystal structure of DHQ monohydrate S1 consists of a
water molecule and a DHQ molecule in a 1:1 ratio (Z′ = 1, Figure 2a). Based on chromone
skeleton, two DHQ molecules plus two water molecules form an R4

4(18) motif, while four
molecules (two DHQ and two water) create an R2

4(22) motif [48]. These units collectively
construct a net structure extending infinitely along the a-axis (Figure 2b). Notably, among
all hydrogen bonds in the structure, the hydrogen bond O7–H7···O8, which is formed
between different types of molecules, DHQ and a water molecule, exhibits the shortest
H···A distance (2.66Å) and the largest donor acceptor angle (162.44◦), indicating that it is
stronger and more linear compared to other hydrogen bonds, which confirms that DHQ
readily forms solvates and that the presence of water molecules plays a crucial role in
stabilizing the crystal structure of S1 [3]. The geometrical parameters of the hydrogen
bonds in the crystal structures are detailed in Table S1.

S2 DHQ monohydrate. The crystal structure of DHQ monohydrate S2 consists of a
water molecule and a DHQ molecule in a 1:1 ratio (Z′ = 1, Figure 2c). The DHQ molecule
exhibits disorder over two positions with an occupancy of 83%:17%. Based on benzene
ring C skeleton, two DHQ molecules and two water molecules form an R4

4(16) motif, and
based on chromone skeleton and benzene ring C skeleton, two DHQ molecules plus two
water molecules form an R4

4(18) motif [49]. And the hydrogen bond O5–H5···O8 formed
between DHQ and a water molecule, exhibits the shortest H···A distance (2.70Å) and the
largest donor acceptor angle (172.37◦). These motifs collectively construct a net structure
that extends infinitely along the b-axis (Figure 2d).

S3 DHQ•1.5H2O. The crystal structure of DHQ•1.5H2O S3 comprises DHQ and water
in a 1:1.5 ratio. (Z′ = 1, Figure 2e). The DHQ molecule exhibits disorder over two positions
with an occupancy of 86%:14%. The asymmetric cell comprises four independent molecules,
interconnected through OH···O–C hydrogen bonds. A dimeric arrangement of two DHQ
molecules forms an R2

2(10) motif linked via an O3–H3A···O2 (2.772 Å) hydrogen bond [50].
Additionally, two adjacent DHQ molecules form a larger cycle through an O7–H7···O5
(2.809 Å) hydrogen bond. And the hydrogen bond O6–H7···O8 formed between DHQ
and a water molecule exhibits the shortest H···A distance (2.69 Å) and the largest donor
acceptor angle (166.07◦). These structural units collectively form a net structure that extends
infinitely along the c-axis (Figure 2f).

S4 DHQ•2H2O. The crystal structure of DHQ•2H2O S4 comprises DHQ and water in
a 1:2 ratio. (Z′ = 1, Figure 2g). The DHQ molecule is disordered over two positions with
an occupancy of 59%:41%. Based on chromone skeleton and benzene ring C skeleton, the
structural motifs include two DHQ molecules and two water molecules form an R2

2(16)
motif, two DHQ molecules with four water molecules form an R4

4(22) motif, and three
DHQ molecules and three water molecules form an R4

4(18) motif and an R4
4(16) motif [51].

And the hydrogen bond O5–H5···O9 formed between DHQ and a water molecule, exhibits
the shortest H···A distance (2.76 Å) and the largest donor acceptor angle (176.07◦). These
units construct a net structure that extends infinitely along the a-axis (Figure 2h).

S5 DHQ•ACN. The crystal structure of DHQ•ACN S5 comprises DHQ and ace-
tonitrile in a 1:1 ratio (Z′ = 1, Figure 2i). The DHQ molecule is disordered over two
positions with an occupancy of 70%: 30%, and the acetonitrile molecule is disordered with
a 92%:8% occupancy. Two DHQ molecules form into dimer and an R2

2(10) motif linked by
O7–H7···O6 (2.703 Å) [50], An acetonitrile molecule interacts with DHQ molecule by hydro-
gen bond O3–H3A···N1 (2.767 Å). Additionally, two adjacent DHQ molecules linked each
other by O6–H6···O4 (2.762 Å). These units collectively construct a net structure extending
infinitely along the b-axis (Figure 2j).
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Figure 2. The crystal structure and hydrogen bond interactions of DHQ solvates (b,d,f,h,j). The
orange structures represent DHQ molecules, while blue structures represent solvent molecules (water
or acetonitrile). The boxes formed by the axes represent the unit cells. The letters label specific atoms
involved in key hydrogen bonding interactions. The ellipsoids are drawn at probability levels of 50%
for (a,c,e,g,i).

Crystal data and structure refinement parameters for these five DHQ solvates are
summarized in Table 2.
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Table 2. Crystal data and structure refinement parameters for DHQ solvates.

Parameters S1 S2 S3 S4 S5

Formula C15H12O7·
H2O

C15H12O7·
H2O

C15H12O7·
1.5(H2O)

C15H12O7·
2H2O

C15H12O7·
C2H3N

Formula
weight 322.26 322.26 331.27 340.28 345.30

Temperature/K 293(2) 293(2) 293(2) 293(2) 293(2)
Crystal size (mm) 0.05 × 0.12 × 0.22 0.11 × 0.14 × 0.27 0.04 × 0.09 × 0.41 0.21 × 0.23 × 0.25 0.05 × 0.12 × 0.22

Description plate needle plate needle plate
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic

Space group P − 1 P 21/n C 2/c P 21/c P 21/c
a (Å) 5.378(1) 4.835(1) 25.927(1) 15.913(1) 5.15(1)
b (Å) 10.115(1) 27.649(1) 4.808(1) 13.145(1) 24.10 (1)
c (Å) 13.260(1) 10.293(1) 23.251(1) 7.119(1) 12.63(1)
α (◦) 75.97(1) 90 90 90 90
β (◦) 82.90(1) 95.51(1) 100.89(1) 93.71(1) 90.90(1)
γ (◦) 79.06(1) 90 90 90 90

Volume (Å3) 684.83(4) 1369.62(6) 2846.41(9) 1486.01(5) 1566.81(4)
Z/Z′ 2/1 4/1 8/1 4/1 4/1

Density (g/cm3) 1.563 1.563 1.546 1.521 1.464
Independent reflections 2601 2902 2779 2999 2989
Reflections with I > 2σ(I) 2512 2587 2301 2738 2506
Final R, wR(F2) value 0.050, 0.140 0.065, 0.177 0.083, 0.206 0.061, 0.148 0.082, 0.216

GOOF 1.070 1.059 1.042 1.039 1.091
Rint 0.0180 0.0907 0.0417 0.0203 0.0345

CCDC number 2,422,558 2,422,559 2,422,560 2,422,561 2,422,562

3.2. Hirshfeld Surface Investigation and Packing Efficiency Analysis

Figure 3 illustrated the contributions of various interactions to the Hirshfeld surface of
DHQ solvates. Among these, the O···H interactions were the most significant intermolecu-
lar interaction, followed by H···H and C···H interactions. Figure 4 presents the Hirshfeld
surface and 2D fingerprint plots of DHQ solvates. The deep red spots indicate the locations
where hydrogen bonds form [52], with the strength of a hydrogen bond being inversely
proportional to the distance between the donor and acceptor, resulting in deeper red spots
and larger diameters on the Hirshfeld surface [53]. In S1–S4, the hydroxyl group of DHQ
forms hydrogen bonds with water molecules, whereas in S5, the hydroxyl group of DHQ
forms hydrogen bonds with the cyano nitrogen atom. In the 2D fingerprint plots, the O···H
interactions are depicted as prominent spikes in the lower left region, H···H interactions
appear as dispersed points in the middle, and C···H interactions exhibit a wing-like pattern.
These interactions are critical to the stability of DHQ solvates. Moreover, solvent molecules
in a solvate enhance the packing efficiency [54,55]. To visualize and compare the voids
within the crystal structures, Mercury software was utilized. The void map results shown
in Figure 5 reveal that void channels are absent in the crystal structures of S1 and S2,
where solvent occupies only 7.3% (49.68 Å3) and 4.1% (56.73 Å3) of the unit cell volume,
respectively. In contrast, void open channels are present in S3, S4, and S5, occupying 10.8%
(308.77 Å3), 13.1% (194.19 Å3), and 20.7% (324.29 Å3) of the unit cell volume, respectively.
In general, the desolvation process is intricately linked to the type of voids, their proportion
within the material, and the robustness of the hydrogen bond network [56].
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Figure 3. The contribution of different intermolecular interactions to the Hirshfeld surface of the
DHQ solvates.

Figure 4. (a) The Hirshfeld surface and (b) 2D fingerprint plots of DHQ solvates.



Pharmaceutics 2025, 17, 1512 10 of 18

 

Figure 5. Void maps in the crystal structures of DHQ solvates.

3.3. Intermolecular Energy Calculation and Energy Framework of DHQ Solvates

The intermolecular energy calculation results are presented in Table 3, with detailed
interaction energies provided in Tables S2–S6. The data reveal that in structures S1, S2,
and S3, electrostatic interactions are the predominant forces, outweighing polarization,
dispersion, and exchange–repulsive interactions. It is demonstrated that hydrogen bonding
interactions serve as the primary force stabilizing their structure. In contrast, for struc-
tures S4 and S5, dispersion interactions dominate over other energy contributions, which is
characteristic of many small molecules with a limited number of strong hydrogen-bond
donors and acceptors [57]. Furthermore, the non-directionality of dispersion forces further
complicates the prediction of crystal structures [58]. The energy framework allows for an
intuitive understanding of the contributions of energy to crystal stability. Figure 6 illustrates
the energy framework of DHQ, with different colors representing various types of energy:
red for Eele, green for Edis, and blue for Etot of the molecule. Intermolecular interaction
energies are depicted using cylinders, where the radius of each cylinder is proportional to
the magnitude of the interaction energy in that direction. In the visual representation of
S1–S5, the green cylinders, which symbolize dispersive forces, are noticeably larger than the
red cylinders representing electrostatic forces. This visual disparity confirms the significant
contribution of dispersive forces to the stability of the molecular structure. And the relative
sizes of the cylinders effectively illustrate the calculated energy differences among the DHQ
solvates. Additionally, in all energy frameworks, S3 stands out as it contains the highest
number of energy data points in Table S4. This increased energy contribution is instrumen-
tal in enhancing the stability of S3 [50,59]. Compared to the DSC desolvation enthalpy, a
positive correlation exists between the energy and the enthalpy for the monohydrates S1
and S2, which share an isostructural framework. In contrast, the pronounced channel-like
voids in S3, S4, and S5, which constitute a significant portion of the unit cell volume, allow
solvent molecules to escape more readily, resulting in their lower desolvation enthalpies.

Table 3. Interaction energies (kJ mol−1) for selected contacts of DHQ solvates.

Variable Eele Epol Edis Erep Etot

S1 −214.3 −32.0 −213.6 179.0 −336.2
S2 −247.6 −31.0 −212.9 164.8 −377.5
S3 −328.5 −36.2 −223.3 250.1 −400.0
S4 −158.1 −32.7 −212.9 153.3 −299.6
S5 −113.6 −36.3 −201.7 151.2 −364.2
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Figure 6. Energy frameworks of DHQ solvates.

3.4. PXRD Analysis

Different crystalline phases of DHQ, including S1–S6, were characterized through
powder X-ray diffraction. The experimental and the simulated PXRD patterns of the crystals
based on the crystallographic data were also shown in Figure 7. It is evident that S1–S6
exhibited distinct peaks, indicating they were solvates and polymorphs. Moreover, the
remarkable correspondence between the simulated PXRD patterns and the experimental
measurements underscores the high purity of these phases.
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Figure 7. Powder X-ray diffraction patterns of DHQ solvates and polymorphs.

3.5. DSC Analysis

Differential scanning calorimetry (DSC) is a thermal analysis technique widely used
to determine the melting points of compounds, distinguishing between polymorphs and
solvates, and studying the phase transitions of substances [60]. The DSC profiles of those
DHQ solvates and polymorphs are presented in Figure 8. The DSC curves of S1, S2, S4, and
S5 exhibited similar features with an initial endothermic peak (110.4 ◦C, S1; 138.6 ◦C, S2;
128.2 ◦C, S3; 81.3 ◦C, S5), followed by a second endothermic peak (235.5 ◦C, S1; 244.4 ◦C,
S2; 234.8 ◦C, S3; 246.6 ◦C, S5), which implied that there was a desolvent endothermic
peak before the melting endothermic peak. This inference was further supported by the
TG thermograms. And S6 showed one strong melting endothermic peak at 236.2 ◦C
(Tonset = 232.5 ◦C; ∆H = −42.6 KJ/mol).

Figure 8. DSC and TG curves of DHQ solvates and polymorphs.

3.6. TGA Analysis

As shown in Figure 8, the stoichiometry of compound solvent was also obtained by
mass loss at programmed heating with a thermal gravimetric analyzer. The TG curves
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S1, S2, S3, and S5 showed both the exothermic step of solvent and melting decomposition
steps of DHQ. Within the corresponding temperature ranges, the mass loss rates during
the initial weight loss stages for S1, S2, S3, and S5 were 6.33%, 5.94%, 8.54%, and 9.82%,
respectively. As shown in Table 4, the experimental mass loss rates matched the theoretical
desolvation mass fractions, confirming the stoichiometric ratios of solvent to DHQ in the
single-crystal structures as 1:1, 1:1, 1:1.5, and 1:2, respectively. In contrast, S6 displayed
only the melting decomposition steps of DHQ, with no characteristic weightless step of
solvates observed.

Table 4. TGA Data for DHQ solvates.

Solvate Desolvation
Temperature (◦C)

Theoretical Weight
Loss (%)

Experimental
Weight Loss (%)

S1 60–140 5.56 6.33
S2 110–160 5.56 5.95
S3 50–150 8.11 8.54
S5 60–150 11.81 9.82

3.7. IR Analysis

We performed Fourier-transform infrared (FT-IR) spectroscopic analysis to characterize
and elucidate the noncovalent interactions present in the DHQ solvates and polymorphs.
Generally, flavonoids exhibit characteristic O–H stretching absorption, which serves as a
critical region for distinguishing different solid forms. As shown in Figure 9, all samples
display significant absorption peaks in this region. Compared to S6, the other solvates show
varying degrees of red-shift and band broadening in their O–H stretching vibrations due
to the introduction of solvent molecules and the resulting increase in hydrogen bonding.
Notably, S3, which contains the highest number of water molecules and forms a stronger or
more extensive hydrogen-bonding network, exhibits a markedly red-shifted O–H stretching
peak with significantly greater intensity than the other samples.

 

Figure 9. FT-IR spectra of DHQ solvates and polymorphs.
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The strongest absorption peak, observed at ~1620 cm−1, is a signature band of
flavonoids and is attributed to the C=O stretching vibration [61–63]. The adjacent peaks at
1550 cm−1 and 1450 cm−1 correspond to aromatic ring (C=C) skeletal vibrations, confirming
the presence of the phenyl structure. In the fingerprint region (1500–650 cm−1), complex
vibrations including phenolic C–O stretching and C–O–H bending modes are observed.

3.8. Phase Transformations

The phase transformation behavior was investigated and analyzed using PXRD. The
transformation relationships are depicted in Figure 10 and can be summarized as follows.
(i) S3 can be converted to S1 through grinding or stirring in methanol or acetone as the
solvent medium; (ii) S3 undergoes recrystallization in different solvent media, resulting in
S1, S2, and S5; (iii) S3 is prepared as S4 via cocrystallization in ethanol; (iv) S3, when stored
at 60 ◦C, heated to 145 ◦C, or stirred in acetonitrile at 80 ◦C, changes into S6. Conversely,
S6 reverts to S3 when exposed to 90% relative humidity (RH) or when stirred in water or
acetonitrile; (v) S1 is transformed into S6 by heating to 145 ◦C. S2 and S5 are altered to Form
III under the same heating conditions. Previous experimental results also indicate that the
hydrated phase of DHQ can convert to the anhydrous phase. However, due to the differing
crystallization routes and solvents employed, we did not obtain Form I (DHQ 2.5 hydrate)
during the experiments. These results highlight the phase transformation behavior of
DHQ, which is influenced by various experimental conditions, making its crystal structures
challenging to predict. And it is consistent with energy framework calculations, where
dispersion energy dominates over electrostatic energy [38,58].

 

Figure 10. The transformation of DHQ solvates and polymorphs.

4. Conclusions
In conclusion, a series of pure phases with DHQ including four hydrates, one solvate,

and one anhydrate were obtained, which were structurally identified and characterized in
this work. The five DHQ solvates could be determined, allowing exploration of their unit
cell parameters, Hirshfeld surface analysis, void map analysis, intermolecular energies,
and crystal transformation relationships. SCXRD analysis reveals that the hydrogen bonds
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formed between DHQ and water molecules in S1–S4 are stronger and more linear than
other hydrogen bonds, confirming the crucial role of water molecules in stabilizing the
crystal structure of DHQ. Hirshfeld surface analysis confirmed that the O···H interaction
was the primary intermolecular force, while in S5, DHQ interacts with the solvent through
N···H interactions, emphasizing the critical role of hydrogen bonds in DHQ solvates.
Interaction energy calculations further revealed that electrostatic, polarization, repulsion,
and dispersion energy components collectively contribute to the stability of DHQ solvates.
Specifically, repulsion energies dominate in S1 and S3, while dispersion energies play a
primary role in S2, S4, and S5.

The non-directional nature of these interactions may account for the propensity of
DHQ to form both polymorphs and solvates. Additionally, this study investigated the
transformation relationships among DHQ solid forms, providing critical insights to prevent
unexpected phase transitions during storage. Despite these findings, this study has several
limitations. First, while we identified the predominant intermolecular interactions, the
precise kinetic factors governing polymorphic transformation pathways remain to be
fully elucidated. Second, the energy calculations, while informative for understanding
relative stability, cannot fully predict crystallization outcomes under various processing
conditions. Finally, the potential impact of these solid forms on the biopharmaceutical
properties of DHQ, such as dissolution behavior and oral bioavailability, warrants further
investigation to establish clinically relevant correlations between solid-state characteristics
and pharmaceutical performance.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/pharmaceutics17121512/s1, Table S1: Hydrogen bond geometrical parame-
ters of crystal structures; Table S2: Molecular Pairwise Interaction Energies (kJ/mol) Derived from
the Energy Framework Calculation for S1 of DHQ; Table S3: Molecular Pairwise Interaction Energies
(kJ/mol) Derived from the Energy Framework Calculation for S2 of DHQ; Table S4: Molecular Pair-
wise Interaction Energies (kJ/mol) Derived from the Energy Framework Calculation for S3 of DHQ;
Table S5: Molecular Pairwise Interaction Energies (kJ/mol) Derived from the Energy Framework
Calculation for S4 of DHQ; Table S6: Molecular Pairwise Interaction Energies (kJ/mol) Derived from
the Energy Framework Calculation for S5 of DHQ. Table S7: FT−IR spectral frequencies of DHQ
solvates and polymorphs.
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