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Two crystalline polymorphs of TMPE, with the space groups P2,(c)
and C2, are cultured from different solvent mixtures and display
apparent blue fluorescence with the characteristic of aggregation
induced emission (AIE). Excitedly, the P2;(c) crystal exhibits easily
observed mechanoluminescence (ML), while there is no mechano-
luminescence for the C2 crystal. Careful investigation of their crystal
structures and three analogues demonstrates that the special mole-
cule packing of TMPE in the P2;(c) crystal accounts for its exciting
efficient ML performance, providing some information to understand
the structure—property relationship of efficient organic ML materials.

Mainly due to strong n—n stacking interactions, normal lumino-
gens suffer badly from aggregation-caused quenching (ACQ)
effect, which directly limits their wide application in an aggre-
gated state." In addition to the interest in tackling this problem
through different approaches, nowadays, great attention has
been devoted to the development of efficient luminogens with
the characteristic of aggregation-induced emission (AIE) in the
opto-electric field: they are highly emissive in the solid state
while showing faint fluorescence when dissolved in a good
solvent, as pioneered by the group of Ben Zhong Tang.> The
inherent mechanism for this AIE phenomenon is ascribed to the
restriction of intramolecular motion (RIM) in the aggregates,
which could open a radiative pathway for the propeller shaped
AIE luminogens, as confirmed by the internal restricted motion
of the phenyl ring in the silole, and their external behavior at
different temperatures, in solvents with different viscosity, and
at different pressures.” Among the AIE luminogens developed so
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crystalline polymorphs, and totally different
mechanoluminescence propertiest
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Conceptual insights

Organic materials exhibiting mechanoluminescence (ML) are promising for
applications in displays, new light sources and pressure sensors etc. However,
the mechanism for ML generation and the structure-mechanoluminescence
relationship remain unclear. Partially due to the aggregation-caused
quenching (ACQ) effect caused by n-r stacking interactions, the number
of reported organic ML compounds is limited, and their efficiency is
generally low. Herein, we present two crystalline polymorphs of a same
nonpolar tetraphenylethene derivative TMPE (i.e., the C,-form and C.-form)
with distinctly different ML activities. Both of the two crystalline polymorphs
exhibit brilliant blue PL by the utilization of aggregation-induced emission
(AIE) effect and display good stability in air. The block-like C,-form crystal
demonstrates wonderful ML properties, and the highly bright sky-blue
emission could be observed under daylight at room temperature. Careful
investigation of their crystal structures and three analogues demonstrates
that the abundant and intense intermolecular interactions (i.e., C-H- - -n and
C-H---O hydrogen bonds), attributed to the special molecule packing of
TMPE in the Cyform crystal, account for the exciting efficient ML
performance. These results provide some information to understand the
structure-property relationship of organic ML materials, which will give
some guidance for the design of efficient organic ML materials.

far, tetraphenylethene (TPE) is the star molecule, which has been
utilized to construct many good AIE gens as promising candi-
dates for applications in LEDs, sensors, etc.”
Mechanoluminescence (ML) or triboluminescence (TL) is
the emission of light caused by the application of mechanical
stress to a solid, commonly a crystal or microcrystal phase,
and has promising practical application in displays, new light
sources and pressure sensors etc.” Regardless of its long history
with the first report in 1605 by Francis Bacon® - partially due to
the ACQ effect caused by n-n stacking interactions - the lack
of efficient ML materials, especially those with emission in
the visible region (most reported organic ML compounds emit
exclusively in the UV region), hindered the exploration of
the mechanoluminescence-structure relationship and further
development of this research field to a large extent.” Excitedly, by
utilizing the AIE concept, two efficient ML molecules, AIE-DF1
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Fig.1 (a) Change in PL peak intensity in a dilute solution of TMPE in
water/THF mixtures with different water fractions (f,,). The inset depicts
the emission images of TMPE in pure THF (left) and in 90% water fraction
mixtures (right) under 365 nm UV illumination (10 puM). (b) PL spectra of
TMPE in different phases. The inset depicts the emission images of TMPE in
different phases; from left to right: crystal C.-form, crystal C,-form and
amorphous sample (top) upon excitation at 365 nm.

and PATA with relatively high polarity, were reported by Chi
et al. in 2015 (Chart S1, ESIT).® However, it is a pity that both
molecules are not stable enough in the presence of oxidant,
even during storage in air. Furthermore, in addition to the few
efficient ML materials reported so far, there were few powerful
proofs giving a clear clue about the influence of the molecule
packing pattern in the crystalline state on the ML properties.
The lack of understanding regarding the mechanoluminescence-
structure relationship has resulted in the bottleneck for the
further development of this research field.

Intrigued by the previous excellent examples, and with the aim
of exploring stable, nonpolar ML materials with efficient emission
in the solid state, in this communication a polymorphic system
constructed using 1,1,2,2-tetrakis(4-methoxyphenyl)ethane (TMPE)
is presented (Fig. 1a), which is nonpolar, very stable against
oxidation in air, and has AIE characteristics. By elaborately adjust-
ing the solvent mixture, two crystalline polymorphs of TMPE were
obtained with different space groups of P2,(c) (CCDC 921515) and
C2 (CCDC 921516)." Interestingly, the P2,(c) crystal (named as
Cp-form), demonstrates wonderful ML properties, while the C2
crystal (named as C.-form) is ML inactive, giving the possibility
of investigating the solid-state structural requirements for ML
activity from the same molecule and the same excited state.

By analysing the crystal structures of TMPE and its analogues
carefully (Chart 1), it is concluded that the special molecular packing
of TMPE accounts for its exciting efficient ML performance, which
locks the non-radiative channels largely by almost restricting
possible intermolecular motion, much similar to the inherent
mechanism of RIM for AIE phenomena, thus providing a new
insight for the development of efficient ML materials through
crystal engineering besides molecular design.

The UV-visible absorption spectrum of TMPE was measured
in a tetrahydrofuran (THF) solution. As shown in Fig. Sla
(ESIY), there are two absorption bands centered at 259 and
329 nm, which are attributed to the n—n* local electron transi-
tion of the conjugated system. As it is constructed from the TPE
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Chart 1 Molecular structures of TBPE and THPE.

(tetraphenylethene) unit, TMPE displays distinct AIE features.
The compound is not emissive in good solvents like THF and
DCM. However, when water, a poor solvent for TMPE, is added
into its THF solution, the well-dissolved molecules would aggre-
gate and induce the enhancement of emission. The aggregation
is verified by the bathochromic shift and enhancement of the
two absorption bands in the water/THF mixture (f, = 90%). As
shown in Fig. 1a, when the water fraction ( f,) is lower than 80%,
the solution of TMPE has nearly no emission because of the free
rotation of the carbon-carbon single bonds between the four
periphery phenyls and the ethylene core. However, when f,,
is higher than 80%, the emission peak centered at 492 nm
appeared and was enhanced greatly when f,, was 90%.

Two different crystals of TMPE were cultured by slow
solvent evaporation at room temperature. Accordingly, block-
like crystals (Cp-form) were obtained from a solvent mixture of
methanol and DCM, while another type of prism-like crystals
(Ce-form) were obtained from the solvent mixture of n-hexane
and DCM. The morphology images of these two different
crystals are shown in Fig. 2a, and could be easily distinguished
by the naked eye. The C.-form crystal had a much bigger aspect
ratio (~20) than the C,-form (~1.5). It must be noted that there
are two types of morphology for the C.-form, one is a thin prism-
like crystal (type A) and another consists of a bunch of prism-like
ones (type B). The ML experiment for the C.-form was performed
on the type B crystals because type A were too tiny to apply force
on them (and also as type A is ML inactive), and the larger size of
the crystal provided a stronger PL emission upon grinding if it is
ML active and could be observed more easily.’

Both of the two types of crystal emitted intense deep-blue
fluorescence under UV illumination at room temperature
(Fig. 4b and c). As shown in Table S1 (ESIt), the maximum
emission wavelength of the C.-form crystal (420 nm, @ ; = 67.4%)
exhibited a blue-shift compared to that of the Cy-form crystal
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Fig. 2 (a) The polycrystalline morphology image of the C.-form and
C,-form taken using an optic microscope Leica M123. (b) ORTEP drawings
(50% probability ellipsoids) and selected dihedral angles (deg) in the
Cc-form and C,-form crystals.
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Fig. 3 (a) PL and ML spectra of TMPE in different phases: (PL-C,) PL
spectrum of the C,-form crystal upon excitation at 331 nm; (PL-Am)
PL spectrum of the amorphous compound upon excitation at 331 nm;
(ML-C) ML spectrum of the Cy-form crystal upon grinding without UV
illumination. (b) ML images of the as-prepared TMPE sample upon grinding
with a spatula under daylight (left) and in the dark (right) at room temperature.

(429 nm, Prs = 69.9%). Analysis of the intermolecular inter-
actions from the crystal packing data demonstrates that no n-n
interactions or any type of H or J-aggregation exist in either
crystal due to their propeller shape (Fig. S5 and S7, ESIt). The
nearest distance between two aromatic planes of neighbouring
TMPE molecules is larger than 4.2 A. Therefore, the differences
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Fig. 4 (a) Stacking mode of the ML-active C,-form crystal. (b) Images of
the Cy-form crystal under daylight (left) and under an excitation of 365 nm
UV light (right). (c) Images of the C.-form crystal under daylight (left) and
under an excitation of 365 nm UV light (right). (d) Stacking mode of the
ML-inactive C.-form crystal. (e) Images of reversible mechanochromic
fluorescence under grinding/fuming and writable mechanochromic
fluorescence of TMPE demonstrated by the capital letters ‘ML' generated
with an agate rod.
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in the emission features should be derived from their different
conformations, which are affected by the packing modes in the
crystals. This idea was confirmed by the differences in the
average value of the torsion angles of the phenyl rings between
these two crystal types.'°*'! For the C.-form, the value was 54.94°,
while it was 53.39° for the C-form. The smaller average value of
the torsion angle of the phenyl rings induces better conjugation
of the molecule. It perfectly explained the morphology dependent
emissions of such propeller-shaped molecules: the C.-form
crystal exhibited a slightly blue-shifted (9 nm) emission rather
than the Cy-form one. Also, compared to the crystal phase, the
amorphous sample (@5 = 67.0%) displayed a large red-shifted
(60 nm) emission centered at 489 nm. As we explained before,
this was caused by the better conjugation of molecules when the
crystal packing pattern was broken up.'®

By grinding the C,-form crystals with a pestle or shearing
them with a spatula, a deep-blue light emission centered at
460 nm was observed in the dark or under daylight without UV
irradiation (Fig. 3). The emission peak of the ML spectrum is
located between the peaks of the PL spectra of the C,-form
crystal (429 nm) and amorphous compound (489 nm). It is
worth mentioning that not only the C,-form crystals had ML
properties, but the as-prepared microcrystalline powder also
emitted an apparent deep-blue light upon grinding with a
spatula (Fig. 3b). On the contrary, the C.form crystal was
ML inactive. So, what is the mechanoluminescence-structure
relationship in the polymorphs of TMPE? More detailed inves-
tigation and analysis should be undertaken based on the single
crystal data and other experimental results.

Generally, the intensity of the PL emission could remarkably
increase at low temperatures. Thus, the influence of the tempera-
ture on the ML behaviour was investigated carefully. After the
as-prepared microcrystal solid of TMPE in a flask was treated at
different temperatures (77 K, 195 K, 233 K, 284 K, 323 K, 373 K) for
5 minutes, the sample was pulled out and immediately ground
outside. As shown in the images (Fig. S4, ESIt), it was easily seen
that the ML intensity increased with decreasing temperature,
indicating that the non-radiative deactivation process was effec-
tively suppressed at low temperature.

The powder X-ray diffraction (PXRD) spectra obviously exhibited
different patterns for the two crystal samples (Fig. S2, ESIt). The
Cp-form crystal had much better compressive resistance than
the C.-form. Under a light grinding force, the micro crystal
powder of the C,-form still exhibited sharp and high diffraction
peaks. On the contrary, the micro crystal powder of the C.-form
demonstrated similar patterns to the amorphous with a similar
grinding force, indicating that the well-ordered crystalline
phase was thoroughly destroyed by grinding. Accordingly, the
Cp-form crystal was also converted to an amorphous powder
when ground thoroughly.

Although the two different crystal forms display distinct
performances in ML activity, they show similar mechanofluoro-
chromic performances, which are caused by the phase transi-
tion from crystalline to amorphous. The fluorescence of TMPE
crystals can change from deep blue to cyan by grinding, and
almost go back to the original deep blue emission again

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c6mh00025h

Published on 24 February 2016. Downloaded on 3/29/2024 1:28:33 AM.

Communication

immediately upon fuming treatment with good solvents like
dichloromethane. Thus, it could demonstrate a good performance
with high sensitivity and low background noise when writing the
capital letters “ML” with an agate rod on the fumed samples, and
erase them upon fuming with dichloromethane (Fig. 4e). These
results have been reported and discussed carefully by Dong and
Zhang in previous works.'***? And usually, piezofluorochromic
properties are associated with the piezoelectric effect, which is
considered to be a possible process for ML.”%"!

To explore the underlying reason for the mechanolumines-
cence in the polymorphs of TMPE, structure analysis of these two
single crystals was further performed to establish the structure-
property relationship. Table S1 (ESIf) shows the basic single
crystal information and ML activities of TMPE in different
polymorphs. Both of them belong to the monoclinic crystal
system. The space group of the C.-form is C2, and P2,(c) for the
Cp-form. The C,-form crystal is non-centrosymmetric and the
C.form crystal is centrosymmetric, which is associated with
their different stacking patterns. The most notable difference
between the two polymorphs is the 0 between the ethylenic
bonds of adjacent molecules, which represents the packing
mode of the crystal (Fig. S9, ESIf). The conformation of
TMPE was parallel (0 = 0°) in the C.-form, while in contrast
the conformation of TMPE was vertical (0 = 89.319°) in the
Cp-form, showing that adjacent molecules were packed in a
vertical arrangement. This difference in packing mode results
in totally different C-H---n and C-H---O interactions in the
polymorphs crystals (Table 1). There are 4 kinds of intermole-
cular C-H- - -t interactions (with distances ranging from 2.805 A
t0 3.362 A) and 3 kinds of intramolecular (with distances ranging
from 3.288 A to 3.539 A) in the C-form crystal (Fig. $6 and Table
S2, ESIT). In comparison with the C.form crystal, the C,-form
has many more intermolecular C-H- - -w interactions (Fig. S8 and
Table S4, ESIT), which means more intense intermolecular forces
between molecules. There are as many as 15 kinds of inter-
molecular C-H---n interactions (with distances ranging from
2.626 A to 3.837 A). Besides this, there are another 8 kinds of
intramolecular C-H- - -r interactions in the Cp-form crystal (with
distances ranging from 3.307 A to 3.667 A). Also, in addition to
the different kinds of C-H- - -n interactions, there are different
numbers of C-H- - -r interactions for each kind in one molecule.
There are 6 intramolecular C-H- - -n hydrogen bonds (3 different
kinds) between the four benzene rings in a single molecule of
the C.form crystal, while 8 intramolecular C-H: - -n hydrogen

Table 1 Summary of the C-H---rt and C-H---O interactions in the
different polymorph crystals

Intramolecular Intermolecular
Crystal form C-H--& C-H--m C-H---0
C-form 37 6° 4 8 13 26
3.288-3.539° A 2.805-3.362 A 2.833-3.964 A
C,-form 8 8 15 30 24 48
3.307-3.667 A 2.626-3.837 A 2.695-3.916 A

4 The number of kinds of hydrogen bonds. ? The number of hydrogen
bonds. ¢ The distance range of hydrogen bonds.

This journal is © The Royal Society of Chemistry 2016
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bonds (8 different kinds) exist in the C,-form crystal. Besides the
small difference in the intramolecular C-H- - -n hydrogen bonds,
more importantly, the difference in the intermolecular C-H: - -1t
hydrogen bonds is much larger both in quantity and intensity.
The quantity of the C-H- - -n hydrogen bonds is almost 4-fold in
the C,-form crystal than that in the C.-form. Due to the existence
of oxygen atoms in the molecule, another kind of C-H---O
intermolecular bond could not be ignored. It is not surprising
to find that there are also remarkable differences between the
two kinds of crystals here. There are in total 13 kinds of C-H: - -O
intermolecular hydrogen bonds (with distances ranging from
2.833 A to 3.964 A) in the Cform crystal but as many as 24 kinds
of C-H---O intermolecular hydrogen bonds (with distances
ranging from 2.695 A to 3.916 A) in the C,-form crystal (Tables S3
and S5, respectively, ESIt). The quantity of C-H- - -O intermolecular
hydrogen bonds is almost 2-fold in the C,-form crystal that of the
Ccform. As presented in the brackets above, the lengths of the
intermolecular C-H- - -O hydrogen bonds and C-H- - -n interactions
are shorter in the Cy,form crystal, rather than in the C.form,
indicating stronger interactions in the former crystal. Based on
these data, we could draw the conclusion that the greater number
and stronger interactions in the C,-form crystal make it pack in a
more rigid molecular conformation and impedes intramolecular
rotation, which largely reduces the energy loss via non-radiative
relaxation channels under the stimulus of a force. Actually, another
example could confirm this deduction from another side. During
the preparation of TMPE, some analogues, TBPE and THPE
(Chart 1)," were also synthesized/considered for comparison, with
longer alkyl chains rather than the methyl one in TMPE. From
their crystals (Fig. S10 and S11, ESIY), just like the C.-form crystal
of TMPE, there are fewer and weaker intermolecular C-H: - -O
hydrogen bonds and C-H---n interactions, which is consistent
with their inactive ML properties.

As mentioned above, the introduction of the TPE unit
contributes to its unique AIE features, ensuring its strong
emission in the solid state and providing the possibility of
being an ideal pure organic ML material with bright light. The
restriction of intramolecular motion (RIM) in the aggregates
was identified as the main cause for the AIE effect. According to
fundamental physics, it is believed that any movement, micro-
or macroscopic alike, consumes energy. The intramolecular
motion of aromatic rotors in AIE gens are active in the solution
state, serving as a relaxation channel for its excitons to non-
radiative decay. However, in the solid state, the intramolecular
motions are restricted due to the physical constraint, which
blocks the non-radiative pathway and opens a radiative channel.
Thus, the restriction of intramolecular motion leads to enhanced
emission in the solid state.”” Based on what we have been
discussed above, we can draw lessons from the AIE mechanism
to explain why the different crystal forms of TMPE display
contrasting ML activity. As discussed above, the neighbouring
molecules in the Cform crystal are parallel, while on the contrary
they are vertical in the C,-form crystal. This vertical conformation
leads to more compact stacking and more intermolecular inter-
actions in the crystal. Moreover, the crossed conformation makes
the molecules in the crystal lock to each other to improve the

Mater. Horiz., 2016, 3, 220-225 | 223
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rigidity of the crystal. The PXRD data of the crystals before and
after grinding under the same strength of force confirmed that
the Cp-form crystal is much more rigid than the C.form.
Additional details observed in the grinding process also sup-
port this point. Upon grinding with a spatula, the block-like
crystals (Cp-form) were broken into smaller block-like ones
accompanied by a blue light, and the light will not die out until
the smaller crystals were thoroughly changed into an amorphous
powder. On the contrary, under the same conditions, the
bunched prism-like crystals (C.-form) were easily turned into
amorphous powder without any emission. Some previous reports
have suggested that the fracture of crystals and the concomitant
creation of new surfaces in the crystal are responsible for ML
excitation, which is consistent with the results we obtained."
When force is placed on crystals by grinding them with spatula,
the C.form crystal collapses and changes into an amorphous
powder, and mechanical energy is released in a non-radiative
pathway by the slippage of molecules, resulting in disruption of
the crystal. However, for the C,form crystal, the more rigid
molecular stacking mode and stronger interactions between
molecules block the non-radiative pathway by decreasing mole-
cular slippage, and the large crystals fracture and change into
smaller crystals accompanied by an easily observed blue light as
the radiative channel is opened. The fracture process would
continue and the blue light remains until the micro-crystal
structure decomposes completely.

Classical B3LYP density functional theory was also used to
calculate the conformations at the 6-31G(d,p) level based on
their ground state geometries in the single crystals. As shown
in Fig. S12 (ESIt), there is no distinct orbital delocalization
because there is no D-A structure in TMPE. The C-form crystal
has a smaller AE, (HOMO-LUMO) value at 4.23 eV compared to
the C.-form (4.29 eV). These calculations are in good agreement
with the solid state UV-visible spectra of the Cg-form and
C.form crystals which absorbed at 380 nm and 372 nm,
respectively (Fig. S1b, ESIt). These results indicate that the
electrons of molecules in the C,-form can be excited with a
lower energy compared to the C.-form.*”

In summary, by carefully utilizing different solvents, two
crystalline polymorphs (C,-form and C.-form) were successfully
obtained for the nonpolar, stable TMPE molecule with AIE
characteristics. Regardless of the same molecular structure, the
two crystals show opposite mechanoluminescence activities,
derived from their different conformations of packing modes
in the crystals. While the C.-form is ML inactive, the block-like
Cpform exhibits blue emission upon grinding due to the
greater and stronger intermolecular C-H- - -O hydrogen bonds
and C-H---m interactions, which largely reduce the possible
energy loss via non-radiative relaxation channels by decreasing
the molecular slippage under the stimulus of force. The out-
standing ML performance of TMPE, coupled with its AIE
characteristics and high stability in air, give it potential appli-
cations in display and sensor fields. More importantly, the clear
relationship between the packing in the crystal and the ML
properties can provide some guidance for the design of efficient
organic ML materials.
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