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Abstract: Cocrystal formation is a strategy used to modify the solid-state properties of a given
molecule. In this study, a new cocrystal assembled by 1,4-Diiodotetrafluorobenzene (1,4-DITFB) and
a pyrene derivative, 1-acetyl-3-phenyl-5-(1-pyrenyl)-pyrazoline (APPP), was synthesized. Due to
the twisted structure of APPP, the crystal structure is greatly different with some large π-conjugated
compounds, which exhibits edge-to-face π-stacked arrangement between 1,4-DITFB and pyrene
rings, rather than the face-to-face π-stacked arrangement. Hirshfeld surface analysis and the shift of
characteristic vibration band of the carbonyl group in FT-IR spectroscopy suggest the formation of a
C=O···I halogen bond.

Keywords: cocrystal; pyrene derivative; 1,4-DITFB

1. Introduction

Cocrystals have gained significant interest in recent years due to their ability to improve the
solid-state properties for pharmaceutical and materials science applications, including pharmaceutical
solubility, drug dissolution rate, drug stability and mechanical properties (tabletability), etc. [1–8].
In addition, the cocrystal strategy has been also used in some other research areas, such as the design
of new explosives, or studying the relationship between density and explosive power, and so on [9,10].

In recent years, 1,4-diiodotetrafluorobenzene (1,4-DITFB, Scheme 1) has received much attention
because it is an ideal halogen bonding (XB) donor and has become an important tool in supermolecular
chemistry to develop more materials and medicines [11–13]. Jin et al. have reported that
cocrystal assembled by 1,4-DITFB and some chromophores [14–17]. For the large π-conjugated
compounds, such as pyrene, the cocrystal shows the column-like structure via π-π stacking of the two
components, whereas the small π-conjugated compounds, such as naphthalene or phenanthrene,
usually adopt edge-to-face π-stacked arrangement with 1,4-DITFB. Compared with the planar
compound, the chromophores with the twisted structures could not only restrict the molecular
aggregation but also form some particular structures. In the present study, we synthesized a new
cocrystal assembled by 1,4-DITFB and a pyrene derivative: 1-acetyl-3-phenyl-5-(1-pyrenyl)-pyrazoline
(APPP, Scheme 1). In the cocrystal, APPP exhibits a twisted structure with the dihedral angle of
60.98◦ between the pyrazoline and pyrene rings. As a result, the cocrystal structure is significantly
different with 1,4-DITFB and pyrene complex, which exhibits an edge-to-face π-stacked arrangement
between 1,4-DITFB and pyrene rings, rather than the face-to-face π-stacked arrangement. Moreover,
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FT-IR spectroscopy and Hirshfeld surface analysis were performed to understand the driving force for
the cocrystal.
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2. Materials and Methods

2.1. Crystal Preparation

All the reagents and solvents used for syntheses were purchased from Sigma Aldrich
and were used without further purification. The target compounds were synthesized and
characterized by previously reported methods [18,19]. APPP: a mixture of acetophenone (1.2 g),
1-pyrenecarboxaldehyde (2.3 g), and 3 M of aqueous sodium hydroxide (6 mL) in ethanol (20 mL) was
stirred at room temperature for 8 h. The resulting solid was filtered to afford 1-phenyl-3-(pyren-1-yl)
prop-2-en-1-one (chalcone). Then chalcone (1 g) and 3.5 g of hydrazine hydrate aqueous solution (80%)
were dissolved in 20 mL of glacial acetic acid. The mixture was then stirred at 120 ◦C for 5 h, and the
resulting solution was cooled to room temperature and poured into a beaker containing ice water
slowly. The crude product was collected by filtration and recrystallized from ethyl acetate to give pure
APPP as a yellow powder: 0.64 g, yield: 60%.

1,4-DITFB: Iodine and 65% fuming sulfuric acid (15 mL) were mixed and stirred at room
temperature for 30 min. Then 5 g tetrafluorobenzene was added. Subsequently, the mixture was heated
at 55–60 ◦C for 3 h. The mixture was cooled and poured over crushed ice. A dark solid formed which
was filtered, washed with aqueous sodium bisulfite and dried. The compound was recrystallized from
methanol, giving 11 g white solid, yield: 80%.

The cocrystal was prepared as follow method: APPP and1,4-DITFB in an equimolar ratio were
dissolved in tetrahydrofuran in a glass vial. Slow evaporation of the solvent at room temperature for
approximately two weeks yielded the needle, yellow crystals.

2.2. Measurement

Single-crystal X-ray diffraction experiments were carried out using a Bruker D8 QUEST
diffractometer (Bruker, Billerica, MA, USA) equipped with a Bruker APEX-II (λ = 0.71073 Å).
Data collection was done at ambient temperature. The structure was solved with direct method
using SHELXL program and refined anisotropically using a full-matrix least-squares procedure [20].
All non-hydrogen atoms were refined anisotropically and hydrogen atoms were inserted at their
calculated positions and fixed at their positions. The structural data has been deposited as CIFs at the
Cambridge Crystallographic Data Base (CCDC No. 1855431). The PXRD patterns were measured with
a Bruker D8 advance superspeed powder diffractometer (Bruker, Billerica, MA, USA), which operated
at ambient temperature, using Cu Kα radiation (λ = 0.15405 nm), a voltage of 40 kV and a current
of 40 mA. Differential scanning calorimetry (DSC) patterns were recorded with a Mettler-Toledo
Thermogravimetric Analyzer (TA Instruments, New Castle, UK) with the temperature scanned from
50 to 300 ◦C at a heating rate of 10 ◦C/min. FT-IR spectra were recorded on a Bruker Tensor 27 FT-IR
spectrometer (Bruker, Billerica, MA, USA) by using a KBr pellet.
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2.3. Hirshfeld Surface Analysis

Hirshfeld surface graphical representation over dnorm around the two neighboring molecules of
APPP and 1,4-DITFB from the cocrystal structure and associated 2D fingerprint plot were performed
out by using Crystal Explorer 3.1 [21].

3. Results

3.1. Crystal Structure

The cocrystal consists of 1:1 molar ratio between APPP and 1,4-DITFB molecules, and only one
independent molecule of these exists in the asymmetric unit (ASU). The Crystallographic data and
ORTEP plot are presented in Table 1 and Figure 1, respectively.

Table 1. Crystallographic data and refinement for the cocrystal.

Crystal APPP and 1,4-DITFB Cocrystal

Formula C33H21F4I2N2O
Temperature/K 296(2)

morphology needle
Crystal system monoclinic

Space group P21/c
a/Å 7.5134(6)
b/Å 29.349(3)
c/Å 13.3746(12)

α/deg 90
β/deg 100.924(3)
γ/deg 90
V/Å3 2895.8(4)

Z 4
ρ (calcd)/Mg m−3 1.815

θ Range for data collection/◦ 2.081–27.590
F(000) 1532

R1, wR2 (I > 2σ(I)) 0.0583, 0.1400
R1, wR2 (all data) 0.0956, 0.1566
Goodness-of-fit, S 1.015

CCDC 1,855,431
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Figure 1. The ORTEP plot of the cocrystal. Figure 1. The ORTEP plot of the cocrystal.

The cocrystal forms in the monoclinic centrosymmetric space group P21/c. The dihedral angle
between the pyrazoline ring and pyrene ring is 66.70◦. As shown in Figure 2, 1,4-DITFB is linked
with two adjacent one-handed APPP molecules through C=O···I and C–I···π halogen bonds (Table 2),
with O···I and I···π distances of 3.059 and 3.571 Å respectively, which accord with the previous reports
(O···I = 3.034 Å and I···π = 3.551–3.553 Å) [22,23]. Due to these halogen bonds, 1,4-DITFB and APPP
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molecules are stacked alternately and extend along the b axis to construct the 1D chain motif. The two
neighboring 1D chains with opposite chirality are connected by C–H···O hydrogen bond, resulting
in the racemic columnar network, which is stacked in a parallel fashion to provide the 3D structure.
Compared with the pyrene and 1,4-DITFB complex, the pyrene rings in this study adopt edge-to-face
π-stacked arrangement with 1,4-DITFB, the reason may be the C=O···I halogen bond and the twisted
structure of APPP hinder the parallel arrangement between them.
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Figure 2. The cocrystal structure: (a) 1D chain motif. (b) Arrangement of the 1D chains with opposite
chirality. (c) 3D structure of the cocrystal. Hydrogen atoms not participating in the interactions have
been omitted for clarity.

Table 2. Halogen bonds geometry (Å, deg) for the cocrystal.

D–X···A D–X X···A D···A D–X···A
C(18)=O(1)···I(1) 1.217 3.059 3.815 119.97

C(31)-I(2)···π(C15) 2.068 3.571 5.435 147.89

3.2. Powder X-ray Diffraction (PXRD) Patterns

The cocrystal was also determined by PXRD analysis. Its PXRD pattern (Figure 3) is distinctly
different from the pure APPP, and coincide with the simulated PXRD patterns calculated from its
crystal data, which would be used for DSC and FT-IR measurement.

Crystals 2018, 8, x FOR PEER REVIEW  4 of 8 

 

The cocrystal forms in the monoclinic centrosymmetric space group P21/c. The dihedral angle 
between the pyrazoline ring and pyrene ring is 66.70°. As shown in Figure 2, 1,4-DITFB is linked 
with two adjacent one-handed APPP molecules through C=O···I and C–I···π halogen bonds (Table 2), 
with O···I and I···π distances of 3.059 and 3.571 Å respectively, which accord with the previous 
reports (O···I = 3.034 Å and I···π = 3.551–3.553 Å) [22,23]. Due to these halogen bonds, 1,4-DITFB and 
APPP molecules are stacked alternately and extend along the b axis to construct the 1D chain motif. 
The two neighboring 1D chains with opposite chirality are connected by C–H···O hydrogen bond, 
resulting in the racemic columnar network, which is stacked in a parallel fashion to provide the 3D 
structure. Compared with the pyrene and 1,4-DITFB complex, the pyrene rings in this study adopt 
edge-to-face π-stacked arrangement with 1,4-DITFB, the reason may be the C=O···I halogen bond 
and the twisted structure of APPP hinder the parallel arrangement between them. 

 
Figure 2. The cocrystal structure: (a) 1D chain motif. (b) Arrangement of the 1D chains with opposite 
chirality. (c) 3D structure of the cocrystal. Hydrogen atoms not participating in the interactions have 
been omitted for clarity. 

Table 2. Halogen bonds geometry (Å, deg) for the cocrystal. 

D–X···A D–X X···A D···A D–X···A 

C(18)=O(1)···I(1) 1.217 3.059 3.815 119.97 

C(31)-I(2)···π(C15) 2.068 3.571 5.435 147.89 

3.2. Powder X-ray Diffraction (PXRD) Patterns 

The cocrystal was also determined by PXRD analysis. Its PXRD pattern (Figure 3) is distinctly 
different from the pure APPP, and coincide with the simulated PXRD patterns calculated from its 
crystal data, which would be used for DSC and FT-IR measurement. 

 
Figure 3. PXRD patterns of the pure APPP (a), the cocrystal (b) and simulated PXRD pattern of the 
cocrystal (c). 

  

Figure 3. PXRD patterns of the pure APPP (a), the cocrystal (b) and simulated PXRD pattern of the
cocrystal (c).

3.3. Thermal Properties

Differential scanning calorimetry (DSC) was employed to investigate the thermal behavior of
the cocrystal (Figure 4). It could be observed that the cocrystal exhibits only one endothermic peak
at 175 ◦C. However, the pure APPP exhibits one endothermic peak at 205 ◦C. The different thermal
properties further suggests that the formation of a new phase.
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3.4. FT-IR Spectroscopy and Hirshfeld Surface Analysis

To investigate the non-covalent interactions within the cocrystal, the FT-IR spectra were recorded
(Figure 5). Compared with the characteristic vibration band of the carbonyl group in pure APPP at
1653 cm−1, the value in the cocrystal shifts to lower frequencies by approximately 6 cm−1. This indicates
that the intermolecular C=O···I halogen bond influence the vibrational properties of APPP, and the
result is consistent with other molecular crystal structures already reported by our group [18,24].
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Hirshfeld surface analysis was also performed to give insights regarding the important
intermolecular interactions in the cocrystal [25]. The inspection of the intermolecular interactions
is normalized by van der Waals radii through a red-white-blue color scheme, where the red spots
denote closer contacts of molecules. As shown in Figure 6, the molecular surface mainly exhibits a
red spot due to the close contact by C=O···I halogen bond between APPP and 1,4-DITFB. In addition,
a little red spot could be found on another APPP molecule, corresponding to the C–I···π halogen bond
between the pyrenyl and 1,4-DITFB. This further proves the importance of C=O···I halogen bond for
constructing the cocrystal. As a result, the cocrystal is significantly different from the pyrene and
1,4-DITFB complex.
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Figure 6. Hirshfeld surface mapped with dnorm for the cocrystal.

Two-dimensional fingerprint plot over the Hirshfeld surface was used to highlight the nature and
contribution of the intermolecular interactions for crystal packing (Figure 7 and Table 3). It could be
observed that weak H···H contacts display major contribution in crystal packing cohesion, with 28.3%
of total surface area. The H···F contacts with second major contribution comprise 21.8% of total
surface area. Apart from that, C···H, C···C and H···I contacts also show important contribution for the
supramolecular architectures from 10.1 to 12.5% of total surface area in the fingerprint plot. Moreover,
the C=O···I halogen bond (I···O) in percentage contribution is 0.9% and appears as two spikes in the
top left (O···I) and bottom right (I···O) areas of the related plot.

Crystals 2018, 8, x FOR PEER REVIEW  6 of 8 

 

addition, a little red spot could be found on another APPP molecule, corresponding to the C–I···π 
halogen bond between the pyrenyl and 1,4-DITFB. This further proves the importance of C=O···I 
halogen bond for constructing the cocrystal. As a result, the cocrystal is significantly different from 
the pyrene and 1,4-DITFB complex. 

 
Figure 6. Hirshfeld surface mapped with dnorm for the cocrystal. 

Two-dimensional fingerprint plot over the Hirshfeld surface was used to highlight the nature 
and contribution of the intermolecular interactions for crystal packing (Figure 7 and Table 3). It 
could be observed that weak H···H contacts display major contribution in crystal packing cohesion, 
with 28.3% of total surface area. The H···F contacts with second major contribution comprise 21.8% 
of total surface area. Apart from that, C···H, C···C and H···I contacts also show important 
contribution for the supramolecular architectures from 10.1 to 12.5% of total surface area in the 
fingerprint plot. Moreover, the C=O···I halogen bond (I···O) in percentage contribution is 0.9% and 
appears as two spikes in the top left (O···I) and bottom right (I···O) areas of the related plot. 

 
Figure 7. Two-dimensional fingerprint plots for the cocrystal (a) and O···I / I···O interaction (b). 

Table 3. Contributions of the intermolecular contacts. 

Contact % Contact % 

I···O 0.9 H···F 19.7 

O···H 4.9 H···H 28.3 

C···C 10.7 C···H 12.5 

C···F 3.5 C···I 4.7 

C···N 0.1 H···I 10.1 

Figure 7. Two-dimensional fingerprint plots for the cocrystal (a) and O···I / I···O interaction (b).

Table 3. Contributions of the intermolecular contacts.

Contact % Contact %

I···O 0.9 H···F 19.7
O···H 4.9 H···H 28.3
C···C 10.7 C···H 12.5
C···F 3.5 C···I 4.7
C···N 0.1 H···I 10.1
H···N 0.2 F···F 2.6
F···I 1.0 F···N 0.4
I···N 0.4
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4. Conclusions

In summary, we have synthesized a new cocrystal assembled by 1,4-DITFB and APPP. Compared
with 1,4-DITFB and pyrene complex, this cocrystal exhibits different structure, in which the pyrene
rings adopt edge-to-face π-stacked arrangement with 1,4-DITFB. FT-IR spectroscopy allowed for
determining the driving force of the cocrystal by the shifts of the C=O vibration bands, and the
Hirshfeld surface analysis was further proved that the cocrystal was constructed mainly through a
C=O···I halogen bond.
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