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A B S T R A C T

Polymorphism makes it possible to clarify the relationship between emission property and crystal
structure. However, based on the exact molecular conformation in tetraphenylethene polymorphisms, it
is still challenging to evaluate the difference of intramolecular coplanarity without the support of
calculation because of the complex combination of four different torsion angles between four peripheral
benzenes and the central ethylene plane. Here, by using a di-formyl-functionalized tetraphenylethene
derivative, two ideal polymorphisms with a consistent trend of the corresponding torsion angles have
been obtained. For the first time, we explicitly demonstrated that intramolecular coplanarity is the
underlying cause of the polymorphism-dependent emission of tetraphenylethene derivatives.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Natural propeller-shaped tetraphenylethene (TPE), as one of the
most well-known molecules with aggregation-induced emission
(AIE) character, has received extensive attention during the past
two decades [1–7]. The excellent AIE properties and high solid-
state emission efficiency of TPE derivatives have enabled their
wide usage in multiple fields, such as chemical sensors [8–14],
organic light-emitting devices [15–18], biological labels [19–24],
etc. For a long time, the structure-emission relationship of TPE has
received broad research interests [25,26]. Synergetic effect of both
the flexible molecular skeleton and hindered molecular rotation of
the TPE unit makes it possible to exhibit multicolor emissions in
solid state.

Recently, both our group and some other research groups have
reported polymorphism-dependent emission of some TPE deriv-
atives [27–32]. The structural analysis of polymorphisms provides
an accessible way to reveal the relationship between photophysical
property and crystal structure [33–37]. In general, the three-
dimensional propeller-shaped TPE moiety can effectively avoid
intermolecular p-p stacking and largely reduce its impact on the
different polymorphic emission. Thus the intramolecular
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coplanarity becomes the main factor of different emission of
TPE polymorphisms.

However, based on the precise molecular conformation of TPE
polymorphisms, it is still challenging to evaluate the difference of
molecular coplanarity without the support of calculation because
of the complex combination of four different torsion angles
between four peripheral benzenes and and the central ethylene
plane (Fig. 1). We conducted data-mining in the Cambridge
Crystallographic Data Center (CCDC) to measure all the four torsion
angles in the reported polymorphisms of TPE derivatives with
comprehensive statistical analysis (Table S1 in Supporting
information). However, it was difficult to identify an ideal example
in which all the torsion angles measured in polymorphic A are
smaller (or larger) than polymorph B as shown in Fig. 1. In our
previous works, we have to introduce bond length alternation
(BLA), a key parameter determining the bandgap and degree of
p-conjugation, to compare the coplanarity difference in both
methoxy- and dimethylamino-substituted TPE polymorphisms
[27,28]. So far there is no direct observation to confirm that the
different intramolecular coplanarity is the profound reason for the
polymorphism-dependent emission of TPE derivates.

In this work, by using a di-formyl-functionalized TPE derivative,
(E)-TPE-2CHO, two ideal polymorphisms with a consistent trend of
the corresponding torsion angles have been obtained. For the first
time, we explicitly demonstrated that intramolecular coplanarity
is responsible for their different emissions of polymorphisms.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic diagram of the comparison of intramolecular coplanarity of the
TPE moiety in polymorphisms.
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Detailed synthesis and characterization of (E)-TPE-2CHO have
been included in Supporting information. Two different poly-
morphs of (E)-TPE-2CHO were obtained at the same time by slow
evaporation of their ethyl acetate/n-hexane solutions at room
temperature, which enables further confirmation of the molecu-
lar structure by the crystallographic analysis (Table S2 in
Supporting information). Their ORTEP drawings are shown in
Figs. 2a and b. As shown in Figs. 2c and d, the two polymorphs
showed totally different emission colors under a 365 nm UV light.
Photoluminescence spectra of the two polymorphs revealed
that one crystal emitted a cyan emission peaked at 478 nm and
another emitted a green emission peaked at 503 nm (Fig. 2e); the
emission peak difference between the two polymorphs was about
25 nm. The two polymorphic crystals were named as (E)-TPE-
2CHO-Cyan and (E)-TPE-2CHO-Green according to their
molecular structure and emission colors respectively. Then, the
UV–vis reflection spectra of the two polymorphs were used to
explore their emission difference (Fig. 2f). Comparing with the
Fig. 2. (a, b) ORTEP drawings (50 % probability ellipsoids) and the numbering
schemes for the two polymorphs. (c, d) PL images of the two crystals taken under a
365 nm UV light. (e, f) PL spectra and UV–vis reflection spectra of the two
polymorphs.
absorption of (E)-TPE-2CHO-Cyan, (E)-TPE-2CHO-Green showed
an emerging red-shifted absorption band centered at about
406 nm, which indicated that (E)-TPE-2CHO-Green may have a
more extended p-conjugation. Additionally, the other photo-
physical parameters of two polymorphs including the fluorescence
quantum yield (FF) and average lifetime (<t>, Fig. S1 in
Supporting information) were measured, from which the radiative
transition rate and non-radiative transition rate constant can be
easily calculated (Table 1). Unlike their quite different emission
and UV–vis reflection spectra, all these parameters of the two
polymorphs make little difference.

We further did a structural analysis of the two polymorphs to
establish the relationship between crystal structures and optical
spectra. Each unit cell consisted of four and two independent
molecules for (E)-TPE-2CHO-cyan and (E)-TPE-2CHO-green re-
spectively (Figs. 3a and b). No intermolecular p-p interaction
between the adjacent molecules was found in the two polymorphs,
which was due in part to the steric hindrance resulted from the
highly twisted TPE configuration. Indeed, there were many weak
supramolecular interactions such as C–H���O and C–H���p in the
two crystals, and their detailed distances and angles are
summarized in Figs. 3c and d. The network of weak supramolecular
interactions together contributed to the formation of two single
crystals. Besides, we further measured the corresponding dihedral
angles between the four peripheral benzenes and ethylene planes,
as well as benzenes and the aldehyde groups. As shown in Figs. 3e
and f, all the measured dihedral angles between the four benzene
rings and central ethylene plane in (E)-TPE-2CHO-Cyan (48.39�,
49.95�, 63.26�, 54.44�) are larger than the corresponding dihedral
angles of (E)-TPE-2CHO-Green (44.53�, 49.29�, 47.66�, 50.71�). It is
worth mentioning that this is the first experimental proof to
illustrate intramolecular coplanarity-directed bathochromic shift
in TPE polymorphisms.

Furthermore, the DSC curves of the two polymorphisms were
measured (Fig. S2 in Supporting information), and the melting
point of (E)-TPE-2CHO-Green (174.7 �C) was slightly lower than
that of (E)-TPE-2CHO-Cyan (178.0 �C), indicating that the green
crystal has less crystal lattice energy. The bandgaps of the single
(E)-TPE-2CHO molecule were calculated based on the exact
molecular configurations in the two polymorphisms without
geometry optimizations using B3LYP/6-31 G(d,p) by Gaussian 09
[38], and the results are given in Fig. 4. The calculated bandgap of
the single molecule in the cyan crystal (3.97 eV) is larger than the
green crystal (3.68 eV), which is consistent with the bathochromic
shift of the UV–vis reflection and emission spectra of the two
polymorphisms (Figs. 2e and f).

In summary, we obtained two polymorphic crystals of a di-
formyl-functionalized TPE derivative ((E)-TPE-2CHO) with a
feature of intramolecular coplanarity-directed emission colors.
All the photophysical parameters of the two polymorphic crystals
were measured and comparatively studied. After comprehensive
analysis of the intermolecular stacking and intramolecular
conformation of the two crystals, we clearly illustrated that the
polymorph-dependent emission difference of (E)-TPE-2CHO is
merely due to the twisted degree difference of the central TPE core.
Herein, we obtained direct observation that the intramolecular
coplanarity difference of the central TPE unit results in the
Table 1
Summary of photophysical parameters of two polymorphs.

Crystal labs (nm) lem (nm) FF (%) <t> (ns) Kr (s�1) Knr (s�1)

Cyan 347 478 65.4 3.06 2.137 � 108 1.131 �108

Green 347/406 503 65.2 2.91 2.241 �108 1.196 � 108

Abbreviations: FF: fluorescence quantum yield determined using a calibrated
integrating sphere; average lifetime: <t>; radiative transition rate constant: Kr = FF

/<t>; non-radiative transition rate constant: Knr= (1–FF)/<t>.



Fig. 3. Polymorph structural analysis of (E)-TPE-2CHO-cyan (a, c, e) and (E)-TPE-
2CHO-green (b, d, f): (a, b) Unit cell structures viewed along b-axis; (c, d) the existed
weak interactions and corresponding angles: C–H���p (green line) and C-H���O
(yellow line); (e, f) selected torsion angles (degree).

Fig. 4. Molecular orbital amplitude plots of HOMO and LUMO energy levels of
crystals (E)-TPE-2CHO-Cyan (a) and (E)-TPE-2CHO-Green (b) calculated using
B3LYP/6-31 G(d,p) by Gaussian 09.
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different emission of polymorphisms. This work will enhance
the fundamental understanding of the relationship between
crystal structures and photophysical properties for various AIE
luminogens.
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