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a b s t r a c t

In this study, 1-acetyl-3-(3-hydroxyphenyl)-5-(9-anthracenyl)-2-pyrazoline (AHAP) was synthesized and
afforded two types of polymorphs. Single crystal X-ray analyses revealed that AHAP molecules connect
with each other in a head-to-tail fashion through O-H/O hydrogen bonds between the carbonyl and
hydroxyl groups. However, through the above intermolecular interactions and stacking mode, the one-
dimensional chain motifs are formed in the a polymorph and cyclic tetramers are formed in the b

polymorph, which constitute their crystal structures as units. Compared with solvent-free a polymorph,
the unit cell of the b polymorph includes a small region of disordered solvent molecules. CrystalExplorer
program, Differential scanning calorimetry (DSC) and thermogravimetric thermal analysis (TGA) ex-
periments revealed that the voids should be inside the tetramers and each void contains one disordered
solvent molecule. 1H NMR spectra conformed the type of the disordered solvent molecule is consistent
with the crystalline liquid phase. The optical-physical properties of the two polymorphs were also
investigated. They emit similar fluorescence, which is assigned to monomer emission of anthracene, due
to the monomer arrangement of anthracene fluorophores in the two polymorphs.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Organic luminescent materials have recently attracted consid-
erable attention due to their excellent optical-physical properties
[1e4]. However, many fluorophores that exhibit bright fluores-
cence in solution usually suffer fluorescence quenching in the solid
state [5,6], because the molecular aggregation usually leads to
formation of the species, such as excimers or exciplexes [7,8], which
are detrimental to luminescence. Therefore, the enhancement of
their optical-physical properties has been a subject of great interest
from both academia and industry [9,10]. Current research on the
fluorescent materials indicated the solid optical-physical properties
are usually closely related to arrangement of the fluorophores [11],
thus the regulation of fluorophores’ stacking mode without
changing their chemical structure is one of convenient methods for
tuning their solid optical-physical properties, which could avoid
complex synthesis process [12].

Polymorphism is a common phenomenon of the organic com-
pounds, which is known as the ability to yield different crystal
forms of a given compound [13e15]. The different polymorphs
usually have various physicochemical properties, such as melting
point, color and optical-physical properties [16,17]. Previously, our
group have investigated the polymorphism of several 1-acetyl-
pyrazoline derivatives [18e20]. In these study, we found that the
hydrogen bonds formed by carbonyl group always affect molecular
arrangement. On the one hand, the different weak intermolecular
hydrogen bonds between carbonyl groups and hydrogen atoms
affect self-arrangement of these pyrazoline derivatives, which lead
to the formation of different polymorphs. On the other hand,
carbonyl groups could form strong hydrogen bonds with other
solvent molecules containing active hydrogen atoms, such as
various carboxylic acids, and yield corresponding solvates (pseudo-
polymorphs). Through above strategy, arrangement of the fluo-
rophores was regulated and their solid optical properties was also
improved.

Due to the obvious effect on molecular arrangement by
hydrogen bonds, in this study we synthesized a new pyrazoline
derivative: 1-acetyl-3-(3-hydroxyphenyl)-5-(9-anthracenyl)-2-
pyrazoline (AHAP), which contains a pair of hydrogen bond donor
and accepter Scheme 1. On the one hand, we wanted to investigate
the self-stacking mode of pyrazoline molecules induced by strong
O-H/O hydrogen bonds between the carbonyl and hydroxyl
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Scheme 1. Chemical structures of AHAP molecule.

Table 1
Polymorph screening of AHAP.

solvent product

ethyl acetate a polymorph
acetonitrile a polymorph
chloroform a polymorph
acetone b polymorph
ethanol b polymorph
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groups. On the other hand, we expected to discover whether other
interactions could affect the molecular arrangement by competing
with the hydrogen bonds and yield the different polymorphs. To
our surprise, the O-H/O hydrogen bonds not only mainly affect
arrangements of AHAP molecules, but also results in formation of
two polymorphs. Through the O-H/O hydrogen bonds, AHAP
molecules connect with each other in a head-to-tail fashion, and
form one-dimensional chain motifs in the a polymorph and cyclic
tetramers in the b polymorph, which are identified as the units that
form their crystal structures, respectively. To the best of our
knowledge, the analogous polymorphism was rarely reported [21].
The crystal structures of the two polymorphs was described and
discussed in the text. In addition, the polymorphic transition in this
study could be only discovered at comparatively higher tempera-
ture (>250 �C) in the thermal analysis experiments, and no phase
transition could be found under other conditions, such as grinding.
Thus the stability of the two polymorph was investigated by
theoretical calculation method. Furthermore, the optical-physical
properties of two polymorphs were also investigated.
2. Experiment

2.1. Material synthesis and characterization

The AHAP molecule was synthesized by a previous reported
method [22]. A mixture of 3-hydroxyacetophenone (1.6 g), 9-
anthracenecarboxaldehyde (2.3 g), and 3 M of aqueous sodium
hydroxide (6 mL) in ethanol (20 mL) was stirred at 50 �C for 16 h.
The resulting solid was filtered to afford 3-(anthracen-9-yl)-1-(3-
hydroxyphenyl)prop-2-en-1-one, which was used directly
without purification. The chalcone (1 g) and 80% hydrazine hydrate
(3.5 g) were dissolved in glacial acetic acid (20 mL). The mixture
was stirred under reflux condition for 5 h, and the resulting solu-
tion was cooled and poured slowly into a beaker containing ice
water. The crude product was collected by filtration and recrys-
tallized from ethyl acetate to give pure AHAP as yellow powder:
0.78 g, yield: 67.2%, m.p.: 286e288 �C, 1H NMR (Fig. S1 in the
Supporting Information): d (ppm) 2.19 (s, 3H), 3.36e3.46 (q, 1H),
4.05e4.21 (q, 1H), 6.85e6.92 (t, 2H), 7.22e7.34 (m, 3H), 7.36e7.47
(m, 2H), 7.51e7.62 (m, 2H), 7.68e7.73 (d, 2H), 8.08e8.13 (d, 1H),
8.55e8.63 (d, 2H), 9.70 (s, 1H).
2.2. Crystallization

The two polymorphs were obtained in different solvents by
solvent evaporation method (Table 1). 1 g AHAP was dissolved in
20 mL solvents in glass vials. Slow evaporation of the solvents at
room temperature for 4e5 days yielded the needle (a polymorph)
and prism (b polymorph) crystals.
2.3. Measurement

1H NMR spectrawere recorded at room temperature on a Bruker
Avance 600 MHz NMR spectrometer using DMSO as a solvent and
TMS as an internal standard. Powder X-ray diffraction (PXRD)
patterns for the two polymorphs were recorded using an 18 kW
advance X-ray diffractometer with Cu Ka radiation (l ¼ 1.54056 Å).
Single-crystal X-ray diffraction experiments were carried out using
a Bruker D8 QUEST diffractometer with a graphite-
monochromatized Mo Ka radiation (l ¼ 0.71073 Å). Data collec-
tion for two types of polymorphs were done at ambient tempera-
ture. Crystal structures were solved by the direct methods SHELXS
and refined anisotropically by a full-matrix least-squares SHELXL
[23]. All non-hydrogen atoms were refined anisotropically and
hydrogen atoms were inserted at their calculated positions and
fixed at their positions. The structural data for the two polymorphs
have been deposited as CIFs at the Cambridge Crystallographic Data
Base (CCDC No. 1855433 and 1965213) and are also available as
Supporting Information (SI).

For the b polymorph, electron density associatedwith additional
disordered solvent molecules was removed by means of the
SQUEEZE procedure of PLATON program [24,25]. Take the products
crystallized from ethanol as an example, SQUEEZE estimated the
solvent-accessible volume is 728 Å3 and the number of electrons is
92 (23 electrons per 182 Å3), which is in good agreement to be four
ethanol molecules in the unit cell (Z ¼ 16; CH3CH2OH ¼ 26e�;
92e� z 4 CH3CH2OH), namely the molar ratio of AHAP and ethanol
molecules is 1:4. The disordered solvent molecules were not taken
into account during refinement.

Differential scanning calorimetry (DSC) and thermogravimetric
thermal analysis (TGA) patterns were recorded with a Mettler-
Toledo Thermogravimetric Analyzer with the temperature scan-
ned from 50 to 500 �C at a heating rate of 10 �C/min. For each
measurement, about 5e6 mg of dried sample was placed inside an
aluminum panwith a lid. Hot stagemicroscopy was performed on a
LEICA DM750P microscope using a Mettler-Toledo FP82HT hot
stage. UVevis absorption spectrawere recorded on a Shimadzu UV-
3600 spectrometer. Fluorescence spectra were obtained on a
Horiba FluoroMax 4 spectrofluorometer.

2.4. Theoretical calculation method

The geometry optimization of crystals was performed starting
from the X-ray structures. Cambridge Sequential Total Energy
Package (CASTEP) module based on the Planewaves Pseudopoten-
tial method of density functional theory (DFT) was used to optimize
the two polymorphs, all lattice constants and atomic coordinates
were relaxed until the force on each atom converges within
0.01 eV/Å and the local energy minimum of these structures are
calculated. Generalized Gradient Approximation (GGA) and
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
were used. To ensure the correctness of the calculation, the cut-off
energy was selected as 400.0 eV and the k-point grid was set as
3 � 3 � 2. All the calculations were performed by Material Studio
6.0 program [26].



Table 2
Numerical details of the solutions and refinements of the two polymorphs.

Crystals a b

Formula C25 H20 N2O2 C25 H20 N2O2

Morphology needle prism
Crystal system monoclinic tetragonal
Space group P�ı I41/a
a/Å 10.369(3) 22.890(2)
b/Å 12.426(4) 22.890(2)
c/Å 16.068(5) 15.9836(14)
a/deg 90 90
b/deg 108.82 90
g/deg 90 90
V/Å3 1959.6(10) 8374.6(17)
Z 4 16
r (calcd)/Mg m�3 1.290 1.207
q Range for data collection/� 2.64e25.97 2.36e22.92
F(000) 800 3200
R1, w R2 (I > 2s(I)) 0.0589, 0.1384 0.0579, 0.1476
R1, w R2 (all data) 0.1185, 0.1628 0.1288, 0.1679
Goodness-of-fit, S 1.029, 1.029 1.026, 1.026
CCDC 1855433 1965213

Fig. 2. Crystal structure of the a polymorph: (a) 1D racemic chain motif via hydrogen
bonds. (b) Arrangement of the racemic chains. (c) 3D packing diagram of the a poly-
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3. Result and discussion

3.1. 1H NMR spectra

For 1H NMR spectrum of AHAP molecule (Fig. S1), the singlet
signals observed at dH 2.19 was assigned to methyl group, while
singlet signals at dH 3.32 and 4.09 were ascribed to the two protons
in methylene group. The signals at dH 6.89 was assigned to methine
group, which overlapped with the aromatic protons. Multiple sig-
nals (13H) from 6.9 to 8.7 ppm were attributed to the aromatic
protons in benzyl and anthryl, respectively. The singlet signals at dH
9.70 was assigned to phenolic hydroxyl protons. Moreover, in 1H
NMR spectra of the b polymorphs crystallized separately from
ethanol and acetone solvents, the extra peaks at dH 1.24 and
2.06 could be clearly observed, which correspond to CH3- (ethanol)
and CH3- (acetone) groups, suggesting the disordered solvent
molecules enclosed in b polymorph are consistent with the crys-
talline liquid phase (Figs. S2 and S3).

3.2. Crystal structures

Single crystal X-ray diffraction analyses were performed for the
two polymorphs to determine their crystal structures. Thermal
ellipsoids of AHAP molecules in the a and b polymorphs were
displayed in Fig. 1. All the AHAP molecules exhibit twisted struc-
tures, the dihedral angles between the anthracene and benzene
rings are 75.96� (a polymorph) and 80.34� (b polymorph), respec-
tively. In addition, no strong p-p interaction between the anthra-
cene fluorophores was found in both of two polymorphs, the
closest centroid distance is 4.010 and 6.279 Å, respectively. The
crystallographic data was presented in Table 2 .

The a polymorph has a monoclinic system and space group P21/
c. The unit ce1l parameters are a ¼ 10.369(3) Å, b ¼ 12.426(4) Å,
c ¼ 15.9836(14) Å, b ¼ 108.82� and Z ¼ 4. The heterochiral AHAP
molecules associate alternately through O-H/O hydrogen bonds
between the carbonyl and hydroxyl groups to form a racemic chain
motif. The hydrogen bond geometry has RH$$$O ¼ 1.933 Å,
RO$$$O ¼ 2.746 Å, and:O-H/O ¼ 171.45�. These chains connect
with each other through C-H$$$p interactions along the b axis,
which are stacked in a parallel fashion to form its three-
dimensional structure (Fig. 2).

The b polymorph crystallizes in a tetragonal system with the
space group I41/a. The unit ce1l parameters are a ¼ 22.890(2) Å,
b ¼ 22.890(2) Å, c ¼ 15.9836(14) Å, and Z ¼ 16. The main structural
units are cyclic tetramers (Fig. 3a), which are composed of two pairs
of R-/S-AHAPmolecules and linked by four O-H/O hydrogen bonds
between the carbonyl and hydroxyl groups. The hydrogen bond
geometry has RH$$$O ¼ 1.933 Å, RO$$$O ¼ 2.746 Å,
and:O�H/O ¼ 171.45�. As shown in Fig. 3b, it could be clearly
observed that the three-dimensional structure of b polymorph is
composed of the tetramers arranged in a parallel fashion. The
Fig. 1. Thermal ellipsoids plot of the a polymorph (a) and b polymorph (b).

morph (projected in the ac plane).



Fig. 3. Crystal structure of the b polymorph: (a) The cyclic tetramer via hydrogen bonds. (bed) 3D packing diagram of the b polymorph (projected in the ab, bc and ac plane).
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projection of the crystal lattice on to the bc and ac plane was pre-
sented in Fig. 3c and d, respectively.

The analyses of voids in the b polymorph was performed with
CrystalExplorer program, this programwas also used to investigate
Hirshfeld surfaces [27]. According to the depiction by Crysta-
lExplorer, it was not possible to observe significant channels in the
b polymorph (Fig. 4), although it appears from Fig. 3 that there
seem to be some small channels. Thus we speculated the voids
should be inside the tetramers and the disorder solvent molecules
were also considered to be included in these isolated voids.

Hirshfeld surface was performed to give insights regarding the
important intermolecular interactions in the two polymorphs. As
shown in Fig. 5a and b, it could be observed that all the AHAP
molecules in the two polymorphs exhibit two red spots on the
phenolic hydroxyl and carbonyl groups, which correspond to O-
Fig. 4. The analysis of void
H/O hydrogen bonds for constructing the racemic chain motif (a
polymorph) and cyclic tetramer (b polymorph). This result further
conformed that the O-H/O hydrogen bonds mainly affect molec-
ular stacking mode in the two polymorphs. Moreover, it is note-
worthy that the opposite directions of the hydrogen atoms on the
phenolic hydroxyl groups in the two polymorphs, which leads to
the different arrangements of AHAP molecules and could be
considered as one of the reasons for construction of the two
different crystal forms.

Table 3 summarized the contacts contributing to the Hirshfeld
surface represented in normal mode. It was found that weak H/H
contacts displays the major contribution in the two polymorphs,
with 53.1% and 50.9% of total surface area, respectively. The C/H
contacts with second major contribution comprise 24.4% and 33.3%
of total surface area. Apart from that, O/H contacts in the two
s for the b polymorph.



Fig. 5. Hirshfeld surface mapped with dnorm for the AHAP molecules and two-dimensional fingerprint plots for O/H/H/O contacts in the a polymorph (a, c) and b polymorph (b,
d).

Table 3
Contributions of the intermolecular contacts.

AHAP molecule H/H % C/H % O/H % N/H % C/N % C/C % C/O %

a polymorph 53.1 24.4 11.7 0.9 1.6 6.2 2.0
b polymorph 50.9 33.3 12.1 0.4 1.4 1.2 0.6

Fig. 6. The experiment and simulated PXRD patterns of a polymorph (a) and b polymorph (b).
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Fig. 7. (a) DSC and (b) TGA profiles of the a polymorph and the b polymorph crystallized from ethanol and acetone solvents.

Table 4
The energy (eV) of the two polymorphs calculated by GGA
PBE method.

Crystals Energy

a polymorph �44869.6204
b polymorph �44867.5635
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polymorphs also exhibits important contribution for the supra-
molecular architectures as 11.7 and 12.1% of total surface area and
appears as two wings in the left (H/O) and right (O/H) areas of
the related plots (Fig. 5c and d).
3.3. Powder X-ray diffraction (PXRD) patterns

The powder samples of the two polymorphs were characterized
by powder X-ray diffraction. Prior to recording PXRD patterns,
powders were gently pressed onto a glass slide to give a flat surface.
The data were collected over the 2q range 3e30� at ambient tem-
perature. As shown in Fig. 6, the experimental PXRD patterns of the
two polymorphs matched well with their simulated PXRD patterns,
which indicate that the samples have high purity. In addition, PXRD
patterns of the b polymorphs crystallized from ethanol and acetone
solvents are identical, indicating no structural changes in the
crystallinity of the samples contained different disordered solvent
molecules (Fig. S4).
Fig. 8. UVeVis (a) and fluorescence (b) spectra
3.4. Thermal properties

The thermal properties of the two polymorphs were investi-
gated by DSC and TGA experiments. The a polymorph exhibits only
one endothermic peak at 289 �C in its DSC pattern, and no obvious
weight loss could be observed until 289 �C in its TGA pattern,
suggesting that it belongs to solvent-free crystal and begins to
decompose at 289 �C (Fig. 7).

The b polymorph crystallized from ethanol solution shows two
endothermic peaks at 267 and 289 �C in its DSC pattern, and one-
step decomposition can be observed weight loss of 2.77% around
267 �C in the TGA pattern. The step is in good agreement with
calculations for the release of disordered ethanol molecules
[Dmcalc(CH3CH2OH)¼ 2.93%, the molar ratio of AHAP and ethanol is
4:1]. The analogic endothermic event was found in the DSC and
TGA patterns of b polymorph crystallized from acetone, one-step
weight loss of 3.47% could be also observed around 254 �C, corre-
sponding to the release of the acetone molecules
[Dmcalc(CH3COCH3)¼ 3.67%, the molar ratio of AHAP and acetone is
4:1]. The removal of the disordered solvent molecules was found to
be at comparatively higher temperatures (>250 �C), suggesting the
solvent molecules should be enclosed in the voids, namely these
molecules could not be removed until the decomposition of AHAP
tetramers.

Previous research has suggested that thermal analysis can be
used as a tool for determining polymorph types [28,29]. The DSC
and TGA patterns of b polymorph after solvent removal are exactly
of the AHAP molecule in various solvents.



Table 5
Optical-physical properties data.

solvents/crystals lab (nm)a lem (nm)b

ethanol 368 419
chloroform 371 423
acetonitrile 369 419
N,N-dimethylformamide 370 421
acetic ether 368 419
a polymorph 251 433
b polymorph 252 428

a Maximum wavelengths of absorption spectra.
b Fluorescent quantum yields excited at 365 nm.
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the same as that of a polymorph, thus these products were char-
acterized by PXRD measurement. As expected, the PXRD results
clearly demonstrated that the products could be identified as the a

polymorph, due to their identical patterns (Fig. S5). In fact, the
phase transition experiments were also tried to achieve through
using grinding methods. However, the transition could be only
observed during the DSC experiments. In order to approach the
reason, the theoretical calculation was performed to give insights
regarding the stability of the two polymorphs. Fixed the unit cell
parameters, the AHAP molecules were relaxed to obtain the energy
of each unit cell. The result (Table 4) exhibited the a polymorph is
more stable, and the b polymorph needs to overcome 47.4321 kcal/
mol (2.0569 eV) for transforming into the a polymorph. Such much
energy difference may be the reason that the phase transition only
occurs under high temperature condition in this study.
3.5. Optical-physical properties

The absorption and fluorescence spectra of AHAP in various
solvents with different polarities were shown in Fig. 8, the optical-
physical data was summarized in Table 5. The absorption spectra of
AHAP have little changewith an increase in the solvent polarity and
are similar with that of anthracene, which are structured with band
maxima slightly red-shifted (Fig. 8a). The fluorescence spectra in
various solvents were presented in Fig. 8b. Be similar with the
absorption spectra, no obvious difference could be observed in the
fluorescence spectra, which exhibits vibrational peaks at about 400
and 420 nm and weak shoulders around 445 nm, corresponding to
anthracene chromophore emission. The results of optical-physical
investigation in solution system showed that the fluorescence
Fig. 9. Absorption (a) and fluorescence
arises from anthracene fluorophores and no strong intramolecular
charge transfer occurs in the photo-physical process.

The solid state optical-physical properties of a and b poly-
morphs were also investigated. As shown in Fig. 9a, a and b poly-
morphs have similar absorption spectra, which exhibit broad
absorption bands around 250 and 310 nm, respectively. Compared
with that measured in solvents, the intensity of weak characteristic
absorption bands of anthracene in 350e400 nm range become
greatly weak. The two polymorphs also exhibit similar fluorescence
in the solid-state (Fig. 9b). Be different from their absorption
spectra, the emission band is similar with that in solvents, which
should be assigned to monomer emission of anthracene. As
mentioned above, the fluorescence of AHAP arises from anthracene
fluorophores, thus the optical properties are closely related to an-
thracene’s arrangement. In the crystal structures of two poly-
morphs, no strong interaction, such as p-p interaction, was
discovered among the anthracene fluorophores, which may be the
reason that two polymorphs still exhibit anthracene monomer
emission and their similar fluorescence.
4. Conclusions

In summary, we discovered an interesting polymorphism in 1-
acetyl-3-(3-hydroxyphenyl)-5-(9-anthracenyl)-2-pyrazoline
(AHAP). The O-H/O hydrogen bonds mainly affect molecular
arrangement and results in formation of two different polymorphs.
Although AHAP molecules in both two polymorphs connect with
each other in a head-to-tail fashion, they form one-dimensional
chain motifs in the a polymorph and cyclic tetramers in the b

polymorph, which constitute their crystal structure as units. This
unique phenomenon was rarely reported previously. 1H NMR,
CrystalExplorer program, DSC and TGA experiments were used to
investigated the two polymorphs. The results revealed that the a

polymorph belongs to the solvent-free crystal and the b polymorph
contains the voids and disordered solvent molecules. The voids
should be inside the tetramers and each void contains one solvents
molecule. Furthermore, the phase transition between the two
polymorphs only occurs under the high temperature, because the
disordered solvent molecules could not be removed except
decomposition of tetramers. The optical-physical properties of two
polymorphs were also investigated. Due to the monomer
arrangement of anthracene fluorophores, they emit similar fluo-
rescence spectra assigned to anthracene’s monomer emission.
(b) spectra of a and b polymorphs.
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