
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

2:
04

:5
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tuning the solid-
aSchool of Chemistry and Chemical Eng

211189, P. R. China. E-mail: wangmlchem@
bState Key Laboratory of Bioelectronics, Sou

China. E-mail: xcxseu@seu.edu.cn

† Electronic supplementary information (
forms; NMR spectra of chalcone compou
patterns (black) of crystals with simulate
crystals in acetonitrile solvent; uore
cyclohexane solution for all forms; IR
mapped with dnorm and ngerprint p
preparation; melting point, enthalpy and
all crystals; the maximum absorption
contributions of individual intermolecula
of all crystals; X-ray crystallographic inf
CCDC 1473276, 1473277, 1473283, 1473
1473292. For ESI and crystallographic dat
DOI: 10.1039/c6ra27458g

Cite this: RSC Adv., 2017, 7, 8491

Received 28th November 2016
Accepted 18th January 2017

DOI: 10.1039/c6ra27458g

www.rsc.org/advances

This journal is © The Royal Society of C
state fluorescence of chalcone
crystals via molecular coplanarity and J-aggregate
formation†
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Rabia Usman,a Wei Zhang,a Hongbin Shana and Chunxiang Xu*b

Four chalcones bearing the 1,3-diarylpropenone moiety 3-(9-anthryl)-1-(4-chloro)prop-2-en-1-one (I), 3-

(1-pyrenyl)-1-(4-chlorophenyl)prop-2-en-1-one (II), 1-phenyl-3-(1-pyrenyl)prop-2-en-1-one (III) and 3-

(1-pyrenyl)-1-(4-nitrophenyl)prop-2-en-1-one (IV) were synthesized and different crystal forms were

obtained from different solvents by slow evaporation including I (Ia, Ib), II (IIa, IIb, IIc), III (IIIa, IIIb, IIIc, IIId)

and IV (IVa, IVb). Their structures and optical properties were characterized by single crystal X-ray

diffraction (SCXRD), powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA) and differential

scanning calorimetry (DSC), UV-Vis absorption spectroscopy and fluorescence spectroscopy. Hirshfeld

surface calculations were also used for intermolecular interaction analysis. It has been found that

polymorphism and conformational isomorphism exist in these crystals. Ib and IIIa adopt a cis

configuration with respect to the central C]C bond while the other forms exhibit a trans configuration,

except for those without single crystal X-ray analysis. Both Ib and IIb have two crystallographically

independent molecules in their asymmetrical unit which has not been found in reported chalcone

crystals. Those crystals with a cis configuration show a higher melting point and no fluorescence.

Crystals with a trans configuration are fluorescent and their emission wavelengths are mainly effected by

the torsion extent of the molecules and J-aggregate formation.
Introduction

Crystal polymorphism, a phenomenon having been concen-
trated on for years, is generally dened as the possibility of the
same compound existing in more than one crystalline modi-
cation in the solid state.1,2 Polymorphs differ in a number of
signicant properties such as solubility, stability and bioavail-
ability3–5 that catering for a series of potential applications in
pharmaceuticals,6 pigments,7 explosives8 and so on. What's
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more, it is an ideal approach to compare different polymorphs
for the purpose of deeply elucidating the relationships between
the solid state properties and crystal structures based on the
same molecules.9,10 Molecules with conformational exibility
usually show a larger extent of freedom than rigid ones so that
a wide range of polymorphism might be obtained from
them.11–13 Current research on the solid state uorescence of
polymorphism indicate that stacking geometries of molecules
and intermolecular electronic interactions in the solid state
have a signicant inuence on uorescent properties of organic
luminescent polymorphs.14–17 And many studies on lumines-
cence properties suggest that J-aggregate formation is benecial
to uorescence emission.18,19

Chalcone, the important class of compound bearing a,b-
unsaturated ketone moiety, increasingly attracts more attention
from academic circles and pharmaceutical industry. Chalcones
are found to have many applications because of their properties
such as bioactivities,5 optical properties20,21 and photochemical
characteristics20,22 all of which are researched and applied
widespread. Furthermore, chalcones are intermediates of many
heterocyclic compounds such as pyrazole, quinoline, pyrimi-
dine and so on.23 In the phenomenon of cis–trans conguration,
trans conguration exhibits greater stability than cis which is
suggested by easier formation of trans conguration and the
approach of quantum chemistry also gave explanation to
RSC Adv., 2017, 7, 8491–8503 | 8491
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Scheme 1 Chemical structure of I, II, III, IV.
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stability difference.24,25 Thus a number of crystals of chalcone
have been reported while crystals with cis conguration are
hardly to nd for its strikingly steric effect. In our former
research done by Zhang Ruimin et al.,17 several chalcone poly-
morphs which show cis or trans conguration have been
investigated. In this research, four new chalcones were
synthesized (Scheme 1), while the polymorphism being found
in this research is conformational and congurational isomor-
phism. Furthermore, conformational isomorphism is rarely
reported for the compound of chalcone, especially when refer-
ring it to two conformers in crystal asymmetry unit.

Fluorescent properties of chalcone polymorphism in the solid
state can be rarely to found in literatures reported before. Previ-
ously, we readily prepared several high quality chalcone poly-
morphs and p-stacked geometries plays a key role in uorescent
properties of chalcone polymorphism.17 Therefore, we deduce
that there can be some other factors related to optical properties
of chalcone and we investigated in different chalcone poly-
morphs to nd that molecular planarity and aggregation exert
great inuence on uorescent properties of chalcone poly-
morphism in the solid state, which may offer a signicant
direction in application of organic light-emitting materials.26
Experimental section
Materials synthesis

As shown in Scheme 2, a mixture of 4-chloroacetophenone
(1.54 g), 9-anthrylaldehyde (2.3 g) and 3 M of aqueous sodium
hydroxide (6 mL) in ethanol (20 mL) was stirred at room
temperature for 3 h. The crude product was collected by ltra-
tion and recrystallized from ethyl acetate/acetic acid (v/v ¼ 1 : 1)
resulting in orange crystals as 3-(9-anthryl)-1-(4-chloro)prop-2-
en-1-one (I): yield: 80%, mp: 136–138 �C. 1H NMR (CDCl3,
Fig. 2S, ESI†): d (ppm) 8.81 (d, 1H), 8.49 (s, 1H), 8.36–8.19 (m,
2H), 8.04 (dd, 4H), 7.63–7.46 (m, 7H). 13C NMR (CDCl3, Fig. 3S,
ESI†): d (ppm) 188.36, 142.47, 139.59, 136.22, 131.32, 130.48,
130.12, 129.92, 129.66, 129.11, 128.98, 128.64, 126.55, 125.48,
125.20.

As can be seen from Scheme 2, 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 3 h. The resulting solid was collected by
8492 | RSC Adv., 2017, 7, 8491–8503
ltration and recrystallized from ethyl acetate/acetic acid (v/v ¼
1 : 1) to get orange crystals as 1-phenyl-3-(1-pyrenyl)prop-2-en-1-
one (III): yield: 70%, mp: 163–165 �C. 1H NMR (CDCl3, Fig. 4S,
ESI†): d (ppm) 8.82 (d, 1H), 8.31 (d, 1H), 8.17 (d, 1H), 8.06 (dd,
4H), 8.00–7.80 (m, 5H), 7.65 (d, 1H), 7.61–7.42 (m, 3H). 13C NMR
(CDCl3, Fig. 5S, ESI†): d (ppm) 189.67, 140.85, 137.96, 132.40,
132.36, 130.71, 130.11, 129.75, 128.27, 128.16, 128.10, 127.99,
126.78, 125.76, 125.54, 125.40, 124.46, 124.31, 123.97, 123.52,
123.08, 121.92. Similarly, 3-(1-pyrenyl)-1-(4-chlorophenyl)prop-
2-en-1-one (II) and 3-(1-pyrenyl)-1-(4-nitrophenyl)prop-2-en-1-
one (IV) were synthesized according to the procedure with
4-chloroacetophenone and 4-nitroacetophenone as starting
material respectively. 1-3-(1-Pyrenyl)-1-(4-chlorophenyl) prop-2-
en-1-one (II): 1H NMR (CDCl3, Fig. 6S, ESI†): d (ppm) 8.88 (d,
1H), 8.40 (d, 1H), 8.26 (d, 1H), 8.14 (d, 2H), 8.09–8.01 (m, 3H),
8.01–7.93 (m, 4H), 7.63 (d, 1H), 7.45 (d, 2H). 13C NMR (CDCl3,
Fig. 7S, ESI†): d (ppm) 188.63, 141.73, 139.17, 136.60, 132.98,
131.18, 130.58, 130.32, 129.89, 128.92, 128.76, 128.70, 128.30,
127.32, 127.21, 126.26, 126.08, 125.92, 124.92, 124.83, 124.44,
124.00, 122.95, 122.33. 3-(1-Pyrenyl)-1-(4-nitrophenyl) prop-2-
en-1-one (IV): 1H NMR (CDCl3, Fig. 8S, ESI†): d (ppm) 9.05 (d,
1H), 8.54 (d, 1H), 8.44 (d, 1H), 8.41–8.33 (m, 2H), 8.33–8.19 (m,
6H), 8.17 (d, 1H), 8.14–8.01 (m, 2H), 7.77 (d, 1H). 13C NMR
(CDCl3, Fig. 9S, ESI†): d (ppm) 188.59, 143.30, 133.52, 131.31,
130.77, 130.68, 129.46, 129.23, 129.17, 127.98, 127.34, 126.52,
126.43, 126.25, 125.14, 125.05, 124.56, 124.24, 123.92, 122.80,
122.31.

Ia was recrystallized in ethyl acetate/acetic acid (v/v¼ 1 : 1) as
orange rod like crystal. Ib was obtained from ethanol in which Ia
was dissolved. Slow evaporation of the solvent at room
temperature for 4–5 days yielded yellow rod like crystal.

IIa was recrystallized in ethyl acetate/acetic acid (v/v ¼ 1 : 1)
mixed solvents as orange-red plate crystal. IIb was obtained
from ethyl acetate/dichloromethane (v/v ¼ 1 : 1) mixed solvents
in which IIa was dissolved. Slow evaporation of the solvents at
room temperature for 2–3 days yielded orange rod like crystal.
IIc was obtained from isopropanol in which IIa was dissolved.
Slow evaporation at room temperature for 2–3 days yielded
small yellow plate crystal.

IIIa was obtained frommixed solvent of ethanol/ethyl acetate
(v/v ¼ 1 : 1) with IIIa dissolved in it. Slow evaporation of the
solvents at room temperature for 4–5 days yielded a yellow
transparent crystal. IIIb was gained from acetonitrile or ethanol/
ethyl acetate (v/v ¼ 1 : 1) mixed solvents in which IIIa was dis-
solved. Slow evaporation of the solvents at room temperature
for 4–5 days yielded red transparent plate crystal. IIIc was
recrystallized in acetonitrile/chloroform (v/v ¼ 1) or acetic acid/
ethyl acetate (v/v ¼ 1 : 1) mixed solvent as orange needle like
crystal. IIId was recrystallized aer 3–4 days' slow evaporation at
room temperature with IIIa dissolved in isopropanol as yellow
plate crystal.

IVa was obtained from acetonitrile/dichloromethane (v/v ¼
1 : 1) mixed solvents with 2–3 days slow evaporation at room
temperature yielding red needle like crystal. IVb was recrystal-
lized in acetonitrile/dichloromethane (v/v ¼ 1 : 1) mixed
solvents as a purple crystal aer 2–3 days slow evaporation at
room temperature.
This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Preparation of chalcone I, II, III, IV.
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Characterization methods

NMR analysis. 1H NMR and 13C NMR spectra were recorded
at 303 K on a Bruker Avance 500 MHz NMR spectrometer using
CDCl3 as a solvent and TMS as an internal standard.

X-ray diffraction. The PXRD patterns for the eleven crystals
were recorded using a 18 kW advance X-ray diffractometer with
Cu K a radiation (l ¼ 1.54056 Å). Single X-ray diffraction data
for these crystals were collected on Nonius CAD4 diffractometer
with Mo Ka radiation (l ¼ 0.71073 Å). The structures were
solved with direct methods using the SHELXS-2014 program
and rened anisotropically using full-matrix least-squares
procedure.

Spectroscopic measurements. UV-Vis absorption spectra
were recorded on a Shimadzu UV-2600 spectrometer. Fluores-
cence spectra were obtained on a Horiba FluoroMax 4 spectro-
uorometer. Infrared spectra were collected on a Bruker Tensor
27 FT-IR spectrometer.

Fluorescence microscopy images. Fluorescence microscopy
images were obtained on an Olympus BX51 imaging system
excited at 365 nm.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). TGA/DSC patterns were recorded with
a Mettler-Toledo TGA/DSC Thermogravimetric Analyzer with
the temperature scanned from 50 to 550 �C at 10 �C min�1.

Hot stage microscopy (HSM). Hot stage microscopy was
performed on a LEICA DM750P microscope using a Mettler-
Toledo FP82HT hot stage. The data were visualized using the
AMC Capture soware.
Results and discussion
Crystal structure

Despite considerable experimental endeavor, attempts to grow
single crystals of II in isopropanol (IIc), III in isopropanol (IIId)
and IV in acetonitrile/dichloromethane (v/v ¼ 1 : 1) (IVb) were
unsuccessful. Thus, single crystal X-ray diffraction (SCXRD)
This journal is © The Royal Society of Chemistry 2017
analysis was performed for all other forms showing indepen-
dent framework arrangements and cell parameters (Table 1).
Additionally SCXRD of IIIc was reported.27

Crystal Ia crystallizes in monoclinic system with space group
of P21/c while Ib crystallizes in orthorhombic system with space
group of Pca21. Ia shows trans conguration while Ib exhibits cis
conguration (Fig. 1a and 2a). Ia is connected by weak hydrogen
bond (Table 2) (O/H16A distance: 2.46 Å; C–O/H angle: 161�)
and C(alkene)–H/p (6 atoms of anthracene) (Table 3) interac-
tions on ac plane (Fig. 1b). Ib possesses two types of molecules
in its crystal structure (Fig. 2a). Molecules A are linked by weak
hydrogen bonds (Table 2) (O1A/H16A distance: 2.54 Å;
C–O/H angle: 164�) and C(alkene)–H/p (6 atoms of anthra-
cene) (Table 3) interactions on ac plane (Fig. 2b). Likewise, weak
hydrogen bonds (Table 2) (O2B/H16B distance: 2.56 Å;
C–O/H angle: 159�) and C(alkene)–H/p (6 atoms of anthra-
cene) (Table 3 and Fig. 2b) connect between molecules B on ac
plane. Besides, molecules A and B are separately linked by
C(anthracene)–H/p (benzene ring) (Table 3 and Fig. 2c) along
b axis.

Crystal IIa crystallizes inmonoclinic system with space group
C2/c while IIb crystallizes in orthorhombic system with space
group P212121. Both IIa and IIb show trans conguration. It is
evident that molecules in the structure of IIa are connected by
C–O/p (6 atoms of pyrene ring), C–H/p (6 atoms of pyrene
ring) and C–H/p (benzene ring) interactions on ac plane
(Table 3 and Fig. 3b). Molecules in IIb are linked through
interactions of C–Cl/p (6 atoms of pyrene ring) and C–Cl/p

(benzene ring) along c axis (Fig. 4b).
IIIa crystallizes in triclinic system with space group P�1 and it

shows cis conguration. Both IIIb and IIIc crystallizes in
monoclinic system while their space groups are P2/c and P21
respectively. Besides, they all show trans conguration. As
shown in Fig. 5b, molecules are packing along a axis through
C–H/O (O/H8A distance: 2.43 Å; C–O/H angle: 138�) (Table
2) and C(pyrene)–O/p (benzene ring) (Table 3) interactions in
IIIa. In Fig. 6a, it can be seen that IIIb owns two types of
RSC Adv., 2017, 7, 8491–8503 | 8493
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Table 1 Crystal data and structure refinement

Crystal Ia Ib IIa IIb

Formula C23H15ClO C46H30Cl2O2 C25H15ClO C25H15ClO
Temperature/K 293 293 293 293
Crystal size/mm3 0.30 � 0.10 � 0.10 0.20 � 0.10 � 0.10 0.20 � 0.20 � 0.10 0.20 � 0.10 � 0.10
Morphology Rod like Rod like Plate Rod like
Melting point/�C 128 129 135 140
Conguration trans cis trans trans
Crystal system Monoclinic Orthorhombic Monoclinic Orthorhombic
Space group P21/c Pca21 C2/c P212121
a/Å 5.4320(11) 10.831(2) 30.665(6) 31.234(6)
b/Å 19.431(4) 10.431(2) 5.5070(11) 4.8180(10)
c/Å 16.208(3) 30.703(6) 21.295(4) 11.669(2)
a/� 90.00 90.00 90.00 90.00
b/� 95.65(3) 90.00 92.38(3) 90.00
g/� 90.00 90.00 90.00 90.00
V/Å3 1702.4(6) 3468.8(12) 3593.0(12) 1756.0(6)
Z 4 4 8 4
r (calcd)/Mg m�3 1.337 1.313 1.356 1.388
q range for data collection/� 1.641–25.375 1.326–25.373 1.329–25.400 1.304–25.370
F(000) 712 1424 1520 760
R1, wR2 (I > 2s(I)) 0.0841, 0.1314 0.0551, 0.0969 0.0986, 0.2173 0.0710, 0.0861
R1, wR2 (all data) 0.1980, 0.1644 0.1141, 0.1132 0.2216, 0.2764 0.1937, 0.1172
Goodness-of-t 1.001 0.998 1.002 1.004
CCDC 1473276 1473277 1473283 1473284

Crystal IIIa IIIb IIIc IVa

Formula C25H16O C50H32O2 C25H16O C25H15NO3

Temperature/K 293 293 293 293
Crystal size/mm3 0.20 � 0.20 � 0.10 0.30 � 0.20 � 0.10 0.20 � 0.10 � 0.10 0.20 � 0.10 � 0.10
Morphology Plate Plate Needle like Needle like
Melting point/�C 122 162 144 215
Conguration cis trans trans trans
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
Space group P�1 P2/c P21 P21/n
a/Å 5.5050(11) 28.811(6) 4.6720(9) 7.3870(15)
b/Å 9.6100(19) 5.4880(11) 22.405(5) 7.8470(16)
c/Å 16.517(3) 21.784(4) 8.2100(16) 32.089(6)
a/� 99.15(3) 90.00 90.00 90.00
b/� 98.70(3) 100.25(3) 106.02(3) 94.00(3)
g/� 100.80(3) 90.00 90.00 90.00
V/Å3 832.5(3) 3389.4(12) 826.0(3) 1855.5(7)
Z 2 4 2 4
r (calcd)/Mg m�3 1.326 1.303 1.336 1.351
q range for data collection/� 1.271–25.369 1.436–25.357 1.818–25.397 2.545–25.364
F(000) 348 1392 348 784
R1, wR2 (I > 2s(I)) 0.0960, 0.1651 0.0693, 0.1072 0.0569, 0.1087 0.0777, 0.1285
R1, wR2 (all data) 0.2175, 0.2068 0.1715, 0.1313 0.1169, 0.1284 0.2004, 0.1651
Goodness-of-t 1.002 1.001 1.002 1.000
CCDC 1477084 1473288 1473285 1473292
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molecules in its asymmetry unit and both of them are con-
nected by C–H/p and C–O/p interactions on ac plane. In
detail, C–H/p (6 atoms of pyrene ring) and C–O/p (6 atoms of
pyrene ring) (Table 3) link between neighboring type A mole-
cules while type B molecules are only connected through C–H/
p (6 atoms of pyrene ring) (Table 3). And in Fig. 7b, molecules in
IIIc are packing on ab plane with slipped face-to-face p/p

interaction.
8494 | RSC Adv., 2017, 7, 8491–8503
IVa crystallizes in monoclinic system with space group P21/n
and it exhibits trans conguration. As shown in Fig. 8b, mole-
cules are stacking along b axis with weak hydrogen bond
C–H/O (O/H7A distance: 2.55 Å; C–O/H angle: 141�) (Table
2), C(alkene)–O/p (6 atoms of pyrene ring) and N–O/p (6
atoms of pyrene ring) (Table 3) interactions on ac plane.

In a word, Ia, IIa, IIb, IIIb, IIIc, IVa adopt trans conguration
while Ib and IIIa adopt cis conguration with respect to the
central C]C bond. Thus, chalcones I and III exist
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Structure of form Ia: (a) trans configuration, (b) molecules are linked by hydrogen bonds and C–H/p interactions on ac plane, (c)
molecules are stacking along a axis with hydrogen bonds and C–H/p interactions. The violet line represents the closest centroid distance (dc–c
¼ 5.431(3) Å) between the adjacent anthracene rings. The dotted lines show hydrogen bonds and C–H/p interactions, respectively. Hydrogen
atoms not participating in the interactions have been omitted for clarity.

Table 2 Intermolecular hydrogen bonds parameters

Crystal Interaction
D–H
(Å)

H/A
(Å)

D/A
(Å)

:D–H/A
(�)

Ia C16–H(16A)/O 0.93 2.46 3.357(6) 161
Ib C16A–H(16A)/O(1A) 0.93 2.54 3.445(8) 164

C16B–H(16B)/O(2B) 0.93 2.56 3.442(8) 159
IIIa C8–H(8A)/O 0.93 2.43 3.182(7) 138
IVa C7–H(7A)/O(1) 0.93 2.55 3.325(5) 141
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congurational isomers while IIa, IIb and IIIb, IIIc are confor-
mational isomers in the solid state. Furthermore, Ib and IIIb
have two distinct molecules with different conformation in the
unit cell. Besides, it can be found that all crystal forms
mentioned above adopt parallel face-to-face slipped stacked
arrangement for anthracene or pyrene chromophores. Accord-
ing to exciton coupling theory, J-aggregates (0 < a # 54.7�)
exhibit red shied bands (a is the aligned angle is between
transitional moments and the center-to-center axis of the two
Fig. 2 Structure of form Ib: (a) cis configuration, (b) (molecule labeled A-grey B-sky blue) molecules are linked by hydrogen bonds and C–H/p

interactions on ac plane, (c) molecules are stacking along b axis with hydrogen bonds with the closest centroid distance (dc–c ¼ 5.311(5) Å)
between the adjacent anthracene rings showed by violet lines. The dotted lines show hydrogen bonds and C–H/p interactions, respectively.
Hydrogen atoms not participating in the interactions have been omitted for clarity.
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Table 3 C–X/p and N–O/p interactions in these forms

Crystal Interaction
Distancea

(Å)
Angleb

(�)

Ia C15–H(15A)/6 atoms of anthracene 2.860 127.00
Ib C4–H(4A)/benzene ring 2.950 156.00

C22A–H(22A)/6 atoms of anthracene 2.890 131.00
C4B–H(4B)/benzene ring 2.960 157.00
C22B–H(22B)/6 atoms of anthracene 2.920 130.00

IIa C12–H(12A)/benzene ring 2.710 147.00
C22–H(22A)/6 atoms of pyrene ring 2.870 136.00
C19–O/6 atoms of pyrene ring 3.900(5) 80.1(4)

IIb C23–Cl/6 atoms of pyrene ring 3.968 101.82
C23–Cl/6 atoms of benzene ring 3.678 90.42

IIIa C16–H(16A)/benzene ring 2.790 144.00
IIIb C(12A)–H(12A)/benzene ring 2.760 146.00

C(12B)–H(12B).benzene ring 2.860 149.00
C19–O(1A)/6 atoms of pyrene ring 3.896 83.4(2)

IVa C19–O(1)/6 atoms of pyrene ring 3.830(4) 74.6(3)
N–O(3)/6 atoms of pyrene ring 3.642(5) 90.5(3)

a The distances were measured from hydrogen atom or halogen atom or
oxygen atom to the centre of the aromatic ring (for C–X/p, X ¼ H, O,
Cl). b The angles were measured between C–X–c or N–O–c (for C–X/p
or N–O/p).
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chromophores).28,29 And it can be found that J-type aggregation
exists in IIa, IIIb, IVa (Fig. 3b, 6b and 8b). The closest centroid
distance (dc–c) between adjacent anthracene or pyrene rings
follow as below (Table 4): 5.431(3) Å, 5.311(5) Å for Ia, Ib of
anthracene system and 5.507(4) Å, 4.818(5) Å, 5.505(4) Å,
5.488(2) Å, 4.672(4) Å, 7.784(0) Å for IIa, IIb, IIIa, IIIb, IIIc, IVa of
pyrene system. The smallest value of closest centroid distance
(dc–c) in these systems is 4.672(4) Å which corresponds to crystal
IIIc. The interplanar separation (dp–p) and lateral displacement
(R) between the mean planes of the pyrene moieties for IIIc are
3.462(3) Å and 3.137 Å respectively, which indicate that weak p–

p interactions existing between the neighboring pyrene chro-
mophores. No such interactions exist in all other crystal forms.

As shown in Table 5, the dihedral angles between benzene
ring and anthracene ring in Ib are much larger than that of Ia.
The dihedral angles between benzene ring and pyrene ring in
IIIa are also larger than any other crystal forms containing
Fig. 3 Structure of form IIa: (a) trans configuration, (b) molecules are link
represents the closest centroid distance (dc–c ¼ 5.507(4) Å) between the
C–H/p interactions, respectively. Hydrogen atoms not participating in

8496 | RSC Adv., 2017, 7, 8491–8503
pyrene chromophore. This indicates that cis conguration
exhibits worse molecular coplanarity between aromatic rings
than trans conguration. This result can also be inferred from
the torsion angles data (Table 6 and Scheme 3).
Powder X-ray diffraction analysis

All these crystal forms were determined by powder X-ray
diffraction (PXRD) analysis. Remarkably, the PXRD pattern
indicates distinct difference for different crystal forms of the
same compound (Fig. 9).

Furthermore, PXRD curves coincide well with simulated data
calculated from the SXRD data which suggests these forms are
in high purity (Fig. 10S, ESI†).
Thermal properties analysis

The thermal behaviors of these crystals were investigated by
DSC and TGA. It can be seen from Fig. 10 that both Ia and Ib
show a endothermic peak at 136 �C and 144 �C, respectively. IIb
exists only one endothermic peak at 161 �C. Both IIa and IIc own
two endothermic peaks at 144 �C, 156 �C and 118 �C, 131 �C.
IIIa, IIIb, IIIc and IIId exhibit one endothermic peak at 120 �C,
160 �C, 165 �C and 156 �C, respectively. Both IVa and IVb show
an endothermic peak with pretty similar temperatures of
215.8 �C and 215.5 �C.
Optical–physical properties

Ia and Ib show similar absorption band in 300–400 nm in
acetonitrile which are attributed to anthracene chromophore.
All forms with pyrene ring have similar absorption band in 300–
450 nm in acetonitrile which are attributed to pyrene chromo-
phore (Fig. 11S, ESI†). As shown in Fig. 11, absorption bands of
all crystal forms have red shied relative to their solution.
Furthermore, Ia shows a red shied absorption edge than that
of Ib which can be ascribed to trans conguration of Ia. IIa has
the largest absorption edge wavelength in three crystal forms of
chalcone II. IIc owns the smallest absorption wavelength.
Likewise, IIIb shows the largest absorption edge wavelength in
four crystal forms of chalcone III. In addition, IVb shows a red
shi in comparison with IVa. All these results are positively
ed by C–O/p and C–H/p interactions on ac plane, (c) the violet line
adjacent anthracene rings. The dotted lines show hydrogen bonds and
the interactions have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Structure of form IIb: (a) trans configuration, (b) molecules are linked by C–Cl/p interactions on ac plane, (c) molecules are stacking
along c axis with C–Cl/p interactions. The violet line represents the closest centroid distance (dc–c ¼ 4.818(5) Å) between the adjacent
anthracene rings. The dotted lines show C–Cl/p interactions, respectively. Hydrogen atoms not participating in the interactions have been
omitted for clarity.

Fig. 5 Structure of form IIIa: (a) cis configuration, (b) molecules are linked by C–H/p and C–H/O interactions on ab plane, (c) the violet line
represents the closest centroid distance (dc–c¼ 5.505(4) Å) between the adjacent anthracene rings. The dotted lines showC–H/p and C–H/O
interactions, respectively. Hydrogen atoms not participating in the interactions have been omitted for clarity.

Fig. 6 Structure of form IIIb: (a) trans configuration, (b) (type A-grey type B-sky blue) molecules are linked by C–H/p and C–O/p interactions
on ac plane, (c) the violet line represents the closest centroid distance (dc–c ¼ 5.488(2) Å) between the adjacent anthracene rings. The dotted
lines show C–H/p and C–O/p interactions, respectively. Hydrogen atoms not participating in the interactions have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 8491–8503 | 8497
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Fig. 7 Structure of form IIIc: (a) trans configuration, (b) molecules are stacking on ab plane with slipped face-to-face p/p interaction, (c) the
dc–c, dp–p and R are 4.672(4) Å, 3.462(3) Å and 3.137 Å, respectively. Hydrogen atoms not participating in the interactions have been omitted for
clarity.

Fig. 8 Structure of form IVa: (a) trans configuration, (b) molecules are linked by C–H/O, C–O/p and N–O/p interactions on ac plane, (c) the
violet line represents the closest centroid distance (dc–c ¼ 7.847(0) Å) between the adjacent anthracene rings. The dotted lines show C–H/O,
C–O/p and N–O/p interactions, respectively. Hydrogen atoms not participating in the interactions have been omitted for clarity.
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correlated with molecular coplanarity in these crystals dis-
cussed following.

Ia and Ib show similar emission band in 450–500 nm in
cyclohexane (Fig. 12S, ESI†) which are attributed to anthracene
chromophore. All forms with pyrene chromophore have similar
emission bands in trans conguration were found to have uo-
rescence and have red shied in comparison with their solutions.

In solid states, only those with trans conguration were
found to have uorescence and have red shied in comparison
with their solutions. Ia has a emission peak at 548 nm which
shows a red shied in contrast with the emission spectra of
anthracene crystal.
Table 4 The closest centroid distance dc–c between anthracene or
pyrene rings

Crystal dc–c (Å)

Ia 5.431(3)
Ib 5.311(5)
IIa 5.507(4)
IIb 4.818(5)
IIIa 5.505(4)
IIIb 5.488(2)
IIIc 4.672(4)
IVa 7.784(0)

8498 | RSC Adv., 2017, 7, 8491–8503
Similarly, emission spectra of crystals with pyrene chromo-
phore exhibit a red shi in comparison with pyrene which
shows characteristic peak at 470 nm. All these can be explained
by larger conjugation system than pyrene and overwhelming
intermolecular interactions in these crystals. As shown in
Fig. 12, forms IIa, IIIb, IVa have longer emission peaks (600–650
nm) relative to that of forms Ia, IIb, IIIc, IIId (570–500 nm). These
results can be explained by molecular coplanarity in these
crystals.
Table 5 The dihedral angles between the benzene ring and anthra-
cene ring/pyrene ring

Crystal Angles (�)

Ia 35.0(2)
Ib 67.8(4)/68.1(3)a

IIa 7.8(2)
IIb 48.3(3)
IIIa 72.0(2)
IIIb 9.02(13)/15.62(13)a

IIIc 39.0(3)
IVa 3.32(16)

a The rst one is the dihedral angle ofmolecule A in asymmetry unit and
the second one is the dihedral angle of molecule B.

This journal is © The Royal Society of Chemistry 2017
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Table 6 Torsion angles of crystal forms

Compound Molecules C1–C2–C3–C4/� C3–C4–C5–O/� C4–C5–C6–C7/�

I Ia �52.3(9) �0.7(8) 23.8(8)
A of Ib �58.0(1) �41.9(1) �12.4(1)
B of Ib 54.6(1) 40.0(1) 12.2(4)

II IIa 11.9(1) 4.9(1) �5.4(9)
IIb 20.0(1) 13.6(1) 13.4(1)

III IIIa 43.6(8) 18.9(8) 29.4(7)
A of IIIb �11.1(6) �2.5(6) 8.8(5)
B of IIIb �15.2(6) �6.5(6) 12.0(5)
IIIc 9.4(1) 10.5(1) 22.4(1)

IV IVa 7.2(7) �0.4(7) �7.5(6)

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

2:
04

:5
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Crystals of forms IIa, IIIb, IVa show the least torsion extent and
smallest dihedral angles among these forms so that they own the
largest emission peak wavelengths which are consistent with their
Scheme 3 Chemical structure with torsion angles labeled.

Fig. 9 PXRD patterns of crystals.

This journal is © The Royal Society of Chemistry 2017
red uorescence in microscopy images in Fig. 13. Besides, forms
IIc and IIId may own the similar molecules planarity to those of Ia
and IIIc by comparing their uorescence even no SCXRD data.
RSC Adv., 2017, 7, 8491–8503 | 8499
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Fig. 10 TGA/DSC profiles of crystals.
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In addition, it has been found that J-aggregates formed in
the polymorphs. Researches on the luminescence properties
have shown that J-aggregates are highly emissive.19 IIa show
a red shied emission band in contrast with the emission
Fig. 11 Solid-state adsorption spectra of crystals.

8500 | RSC Adv., 2017, 7, 8491–8503
spectra in solution which suggests the J-aggregates formation
in its solid state(Fig. 12S, ESI† and Fig. 12). And IIa has the
larger emission wavelength than IIb for no J-aggregates form in
IIb (Fig. 4 and 12). Likewise, molecules in IIIb also form J-
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Solid-state excitation spectra (black) and fluorescence emis-
sion spectra (red).

Fig. 13 Fluorescence microscopy images of eight crystals under UV
light (lex ¼ 365 nm).

Fig. 14 Hirshfeld surface mapped with dnorm (top) and fingerprint plots
a red-white-blue scheme as dnorm increase.

This journal is © The Royal Society of Chemistry 2017
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aggregates so that IIIb shows a red shi in solid state emission
spectra in comparison with its emission bands in solution. As
for IIIc, p/p interaction exists in its crystal structure which
may induce the excimer formation among pyrene rings. And
excimer formation leads to the suppression of uorescence30

so that IIIc exhibit a blue shied emission band in contrast
with IIIb. In Fig. 8 and 12, molecular aggregation of J-type
exists in IVa which leads to a red shi in its solid state emis-
sion spectra.
FT-IR spectroscopy

As for FT-IR spectra (Fig. 13S, ESI†), there are two strong
vibrational peaks in 1670–1520 cm�1 being magnied in the
gure. These two peaks should be separately assigned to
carbonyl group with high frequency and ethenyl group in all
forms.
Hirshfeld surface calculation

The Hirshfeld surface calculation has been used for all crystals.
As shown in Fig. 14 and Table 7, the analysis of forms Ia and Ib
was carried out in terms of dnorm surface and ngerprint plots.
In addition, the calculation of other forms is listed in ESI
(Fig. 14S, ESI†).

Hirshfeld surface mapped with dnorm takes size of atoms into
consideration thus comes out normalized contact distance
dnorm which is calculated from de (nearest external distance), di
(nearest internal distance) and the van der Waals (vdW) radii of
the two atoms to the surface.31 The ngerprint plot derives from
Hirshfeld surface that represented by a coordinate (di, de). The
colors indicate the number of points with a given ngerprint
(bottom) of Ib and Ib. Hirshfeld surface colored by dnorm, showing as

RSC Adv., 2017, 7, 8491–8503 | 8501
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Table 7 Contributions of individual intermolecular interactions to the
Hirshfeld surface of Ia and Ib

Polymorph C–H O–H H–H C–C

Ia 33.8% 7.6% 36.9% 6.0%
Ib 35.7% 9.3% 35.6% 3.6%
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plot coordinate ranging from blue (relatively few points)
through green (moderate fraction) to red (many points).

As shown in Fig. 14, the red hotpots marked ② on the dnorm
surface of Ia and Ib correspond to strong C–H/O hydrogen
bonds. And dnorm surface of Ib shows another two red hotpots
labeled ① respectively on the surface of two molecules that can
be assigned to C–H/p interactions while the same interactions
of Ia just exhibit light red spot on the upper right of the surface
which indicates weaker C–H/p contacts in crystal structure of
Ia than Ib.

The two wings marked ① in the ngerprint plots represent
C–H/p. The contact C–H/p contributes 33.8% and 35.6% of
the total Hirshfeld surface respectively for Ia and Ib. The little
spikes marked ② can be assigned to C–H/O hydrogen bonds
which separately contributes 7.6% and 9.2% to the whole
Hirshfeld surface of Ia and Ib. The slightly larger contribution of
C–H/O hydrogen bonds in Ib make a contribution to its higher
melting point than Ia which coincides with results of thermal
analysis. Besides, the H/H contacts, as indicated by the blue
region marked ③ diffuses around the diagonal, making
a signicant contribution towards the solid-state stabilization
of the two polymorphs. They are 36.9% and 35.7% for Ia and Ib.
The center area of the plots where de + diz 3.6 Å corresponds to
p/p (C/C) interactions which contributes only 6.0% and
3.6% for Ia and Ib. To some extent, the worse planarity of Ib than
Ia may give a explanation to the different contribution of p/p

(C/C) contacts between Ia and Ib.
Conclusion

In summary, we demonstrated eight chalcone crystal structures
in detail. It is evident that the compound of chalcone can
crystallize in different congurations or conformations in
different solvent systems. Crystals with trans conguration are
uorescent while those with cis conguration are not. Further-
more, forms IIa, IIIb, IVa exist larger red-shied emissions than
forms Ia, IIb, IIIc which can be attributed to better molecular
coplanarity and J-aggregates formation in IIa, IIIb, IVa. It implies
that solid-state uorescence of chalcone crystals can be tuned
by crystal engineering. And the strategy of tuning molecular
coplanarity and J-aggregates formation through polymorphism
may provide useful information into organic light-emitting
materials.
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