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The two polymorphs a-[BiBrs(bp2mo),] (1) and y-[BiBrs(bp2mo),] (2), which are aggregation induced
phosphors (AIP), exhibit mechanochromic luminescence (MCL) properties: the grinding (g) of samples
involves a crystal to amorphous state transition together with a change in luminescence from green
(L: Aem = 525 nm, 2: Zem = 503 nm) to red (1-9: Jem = 611 NmM, 2-9: Aey, = 614 Nm). The process is
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reversible by heating, exposure to vapor (H,O, ACN) or by recrystallization in a few drops of ACN.
Interestingly, the heating and fuming processes of both ground samples 1-g and 2-g allow the recovery of
the thermodynamic phase 1, while the fast recrystallization of 1-g and 2-g leads to the kinetic phase 2.

Several applications can be envisaged for this unprecedented “one compound/three types of luminescence
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Introduction

Mechanochromic luminescent (MCL) materials exhibit tunable
light emission properties (emission intensity and/or, more inter-
estingly, emission wavelength changes) when pressure or other
mechanical forces such as grinding is applied.’ ® A crucial point
of such smart materials is the reversibility and reproducibility of
the luminescence properties, which make them useful compounds
in the fields of luminescent switches, mechanosensors, optical
storage,. .. The initial luminescence properties of the material can
be typically recovered by heating or by exposure to water or organic
solvent vapors. While grinding involves in the main observed cases a
crystal to amorphous transition, heating or vapor exposure allows
the metastable amorphous phase to revert into the initial crystalline
phase. The peculiar category of aggregation induced emission (AIE)
or AIP (P = phosphorescence) materials, which have attracted much
attention in the recent past,'” > have great potentialities to exhibit
MCL properties since their emissive properties are strictly
related to the details of their supramolecular organization."'
Most of the MCL materials are organic compounds ™ (mainly
pyrene®® or anthracene’ ™ derivatives) whose solid state molecular
structures consisting of weakly interacting molecules, can be easily
modified when a mechanical force is applied. Thus, the change of
emission color of MCL materials is correlated with a change in weak
interactions in the solid state. While less explored, metal complexes
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(g, 1, 2)" system, in the fields of organic compound detection, and humidity and thermal sensing.

can also exhibit MCL properties."" They are mainly based on
noble metal cations, Pt(u),"”" Ir(m)'*"> and Au(1),"® while some
others based on Zn(i), Ag(1), Cu(i) and Al(m) are also described.'™"”
We have reported very recently on the first bismuth based MCL
materials, (TBA)[BiBr,(bp4mo)] (C1) and [BiBr;(bp4mo),] (C2)
(TBA* = tetrabutylammonium, bp4mo = N-oxide-4,4’-bipyridine).'®
These two coordination polymers are based on the linear ditopic
bp4mo ligand bridging two bismuth ions along the chain axis.
A complete (C1) or partial (C2) amorphisation occurs upon grinding
while both compounds change their emission color from yellow to
red. The process is fully reversible in the case of C1.

In the search for luminescent materials based on bismuth
and a bipyridine-N-oxide type ligand, we recently found that
the N-oxide-2,2’-bipyridine (bp2mo) affords AIP luminescent
complexes with the formulation [BiBr;(bp2mo),].*® These complexes
exist as three polymorphs a-, - and y- which exhibit polymorphism-
dependent emission. -[BiBr;(bp2mo),] is very weakly luminescent,
while a- and y- both emit in the green region (a: 4 = 525 nm,
v: 2 = 503 nm) with nevertheless different quantum yield
efficiencies (o: 17%, v: 5%) and possess a clear aggregation
induced phosphorescence.”® The higher QY of polymorphs
a- with respect to y- has been explained by the lower number of
intermolecular interactions found in the latter structure. Following
our discovery of the MCL properties of Bi/bp4mo coordination
polymers, we have been looking in detail for the behavior of
o-[BiBr3(bp2mo),] (1) and y-[BiBrz(bp2mo),] (2) when subjected
to mechanical grinding.

We report herein the results of a deep investigation on the
MCL properties of 1 and 2. We show that a change in emission
color, from green to orange-red occurs after grinding both the
polymorphs due to their amorphization. Very interestingly,
different polymorphic phases can be obtained from the ground

This journal is © The Royal Society of Chemistry 2016
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samples, according to the way they are treated. Upon heating or
by exposure to H,O or ACN vapors, the a-phase (1) is obtained,
while when a few drops of ACN are deposited on the samples,
the y-phase (2) is recrystallized upon fast solvent evaporation.
While a three-state switchable multicolor emission has been
reported for an amphiphilic block copolymer micelle in solution,”
this “one compound/three types of luminescence (g, 1, 2)” system
where the g — 1 and g — 2 transformations are fully reversible is
unprecedented in the solid state.

Experimental

The synthesis of a-[BiBrz(bp2mo),] (1) and y-[BiBr;(bp2mo),] (2)
has been carried out according to the literature.>® The purity of
phases has been checked by X-Ray powder diffraction (XRPD),
all lines of samples corresponding well to the theoretical ones
(ESIT). The grinding of samples is carried out by hand after a
few milligrams of samples were put in an agate mortar. Typically,
the luminescence color change is observed after a few minutes of
grinding. In the fuming process, the ground sample was placed
in a pillbox which was further put in a closed bigger pillbox
containing the solvent (water or ACN). After one hour to a few
hours depending on the system, the solid was removed and
analysed. The ground samples were also recrystallized by using a
solution process: a few drops of ACN were added on ground
samples in such a way that all the solids were covered by the
solution (1-g and 2-g weakly soluble in ACN). After a few minutes,
the solvent was fully evaporated and the solids were analyzed.

XRPD measurements were carried out on a D8 Bruker
diffractometer using Cu-Ko, , radiation, equipped with a linear
Vantec super speed detector. Differential scanning calorimetry
(DSC) analyses were performed on DSC-2010 TA Instruments
system in the range of 20-200/250 °C. PL continuous wave (CW)
measurements were obtained using an SPEX 270 M monochromator
equipped with a N, cooled charge-coupled device excited with a
monochromated Xe lamp or an Ar" laser.

Results and discussion

In acetonitrile solution, a mixture of one BiBr; and two bp2mo
molecules leads to the formation of [BiBr;(bp2mo),] complexes
which were crystallized, depending on experimental conditions,
as three polymorphs, o-, B- and y-[BiBr;(bp2mo),].*®* While the
a- and y-phases are easily obtained as pure phases, the synthesis
of the B-phase is more delicate, a mixture of B- and ao- being the
more often crystallized. In addition, as the B-phase is not
luminescent, we focused in this work on o-[BiBr;(bp2mo),] (1) and
v-[BiBr3(bp2mo),] (2). In the structures of the three polymorphs,
the complex has similar structural features. The bismuth ion is
connected to three bromides and two bp2mo ligands through the
pyridyl and pyridyl-N-oxide parts; the dihedral angle between the two
rings of bp2mo is in the 30-46° range and the N-O-Bi bond angle is
close to 120° as expected due to the sp” character of the O atom
(Fig. 1). A different packing of these molecular entities occurs
in the structures of the three polymorphs. 1 which crystallizes
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Fig. 1 The [BiBrs(bp2mo),] complex (center) and molecular crystal pack-
ing in the structures of the a-phase (1, left) and the y-phase (2, right).

in the triclinic system is more dense (V(o) = 3400 A® (Z = 6)) than
2 which crystallizes in the monoclinic system (V(y) = 2367 A®
(Z = 4)). The structural analysis has revealed that the transfor-
mation of one phase to another by simple gliding of molecular
units is impossible. The differential scanning calorimetry (DSC)
and thermodiffractometry studies further confirmed that the
heating of samples doesn’t involve any phase transition.

After grinding for a few minutes in a mortar, a clear red shift
of the photoluminescence is observed, while the yellow color of
both polymorphs under ambient light doesn’t change (Fig. 2).
Upon grinding the green (1: Aey = 525 nm, 2: dey, = 503 nm)
photoluminescence becomes orange-red (1-g: Aem = 611 nm,
2-g: Jem = 614 nm) displaying a quite large PL shift (100 nm) in
the field of MCL materials. As often reported for MCL materials,
the mechanical force induces solid state structural changes accom-
panied by the amorphisation of samples. This is also the case for
our polymorphs 1 and 2 which give amorphous ground samples
1-g and 2-g, as demonstrated by XRPD analysis (see later).

In order to characterize the reversibility of the MCL color
change associated with amorphization, the behavior of the 1-g
and 2-g samples upon heating has been first explored. DSC
analyses clearly show an exothermic peak at 123 °C (1-g) and
101 °C (2-g) for ground samples while we do not observe any

.
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Fig. 2 PL spectra of 1 and 1-g (a) and 2 and 2-g (b). In the inset photos of
samples before and after grinding under natural (left) and UV light (right).
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peak before 200 °C for pristine samples (Fig. 3). As for the other
MCL materials, this exothermic peak can be assigned to the
recrystallization of samples. This was confirmed by XRPD:
while no line is observed for the amorphous samples 1-g and
2-g, the room temperature XRPD patterns of samples heated
over the transition temperature (1-g-A and 2-g-A) clearly show
crystallized phases (Fig. 4a). The surprising and unexpected
feature is that phase 1 is recovered whatever the ground sample
used, either 1-g or 2-g. In fact, we do not observe any phase
transition from 2 to 1 by heating, and the analysis of crystal
structures of 1 and 2 shows that the transfer from a phase to
another is impossible with simple structural changes only. In
contrast, the grinding of 2 probably leads to a metastable
amorphous phase which can further be transferred into phase 1
by heating. This result clearly shows that 1 is the thermodynamic
phase while 2 is the kinetic one. The photoluminescence of
samples 1-g-A and 2-g-A well corresponds to the PL of 1, again
confirming the phase transition, from 2 to 1 by the combined
effects of grinding and heating (Fig. 4b).

The behavior of the 1-g and 2-g samples upon fuming
has also been explored, as it was known for ground amorphous
MCL materials that exposure to solvent vapor (v) could involve
re-crystallization. Samples 1-g and 2-g were then put into a
closed pillbox containing a saturated atmosphere of acetonitrile
(ACN) or water. After a few hours at room temperature, the
samples (1-g-H,Of), 1-g-ACNyy), 2-g-H,Of) and 2-g-ACNy,)) were
removed and analyzed by XRPD (Fig. 5a). It clearly appeared
that all ground samples were recrystallized, and phase 1 was
systematically recovered whatever the type of sample, 1-g or 2-g.
Therefore fuming, that involves a slow recrystallization process
of samples, has an effect similar to the heating process, that
is the transfer, here at room temperature, from 2 to 1. Here
also, the photoluminescence of samples 1-g-H,Oy), 1-g-ACN(y),
2-g-H,0() and 2-g-ACN, well corresponds to the PL of 1 (Fig. 5b),
as expected from the X-ray study.

Finally, we explored the behavior of the ground 1-g and 2-g
samples when they undergo a fast recrystallization process. In a
mortar, a few drops of ACN which were added to ground
samples were quickly evaporated, and the solids were analyzed
by XRPD (Fig. 6a). Surprisingly, polymorph 2 is obtained as the
major phase whatever the nature of the ground sample, 1-g or
2-g. The minor phase well corresponds to 1, and we notice a
higher proportion of 1 for the 1-g-ACN(,) sample, probably due
to a memory effect of the initial compound (1). We performed
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Fig. 3 DSC analysis of 1, 2, 1-g and 2-g showing the exothermic crystal-
lization peak around 100 °C for ground samples.
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Fig. 4 XRPD patterns (a), PL spectra (b) and photos under UV light (c) of
ground samples 1-g and 2-g after heat treatment (1-g-A and 2-g-A)
showing that polymorph 1 is systematically recovered.
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Fig. 5 XRPD patterns (a), PL spectra (b) and photos under UV light (c) of
ground samples after exposure to water vapor (1-g-H,Oy,) and 2-g-H,O))
or ACN vapor (1-g-ACN, and 2-g-ACNy,) showing that polymorph 1 is
systematically recovered.

several such experiments which clearly indicate that the ratio
between both phases, that is 1 over 2, increases when the
amount of ACN, and so the evaporation time increases. This
result definitely shows that 2 is the kinetic phase while 1 is the
thermodynamic one. The photoluminescence of 1-g-ACN() and

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 XRPD patterns (a), PL spectra (b) and photos under UV-light (c) of
ground samples after a few drops of ACN were deposited on them and
rapidly evaporated (1-g-ACN() and 2-g-ACN()) showing that polymorph 2
is obtained as the main phase (* is for lines belonging to 1).

2-g-ACN(, well corresponds to that of polymorph 2 (Fig. 6b).
Nevertheless, we can notice a slight red-shift of the emission
band of 1-g-ACN() and 2-g-ACN(,) compared to 2 which is
certainly due to the presence of a small amount of 1 in samples.

To the best of our knowledge, the selective reversible solid
state transformation of a ground amorphous sample into one
of the two possible polymorphs, according to the used crystal-
lization process, is an unprecedented case. Polymorphism and
polymorph-depending emission is a well-known phenomenon,
particularly for organic small molecules.”° This has allowed to
establish relationships between the kind of emission and the
nature of weak interactions in the solid state, further providing
a better understanding of MCL properties. For instance, the
3(5)-(9-anthryl)pyrazole (ANP) molecule gives 5 kinds of crystals
with five different types of emission in the 450-525 nm range.”®
Some of such polymorphs can exhibit MCL properties. One work can
be compared to ours. The organic compound 2-(anthracen-9-yl)-4,5-
diphenyl-1H-imidazole (ADPI) exists as 3 polymorphs P1, P2
and P3 with three types of emission. When P1 is ground, an
amorphous phase P1-g is obtained with an emission close to
that of P2. Heating of P1-g gives an unknown crystallized
compound P1-g-A whose emission is close to that of P3. While
both crystallized compounds give the amorphous phase by
grinding, the initial P1 compound cannot be recovered by a
solid state-to solid state transformation.® In our work, the two
polymorphs (1, 2) also give an amorphous phase (g) by grinding,
and in addition, either polymorph 1 or polymorph 2 can be
recovered by a solid state to solid state slow or fast recrystallization
process, respectively. Heating or fuming leads to the thermo-
dynamic phase 1 while the fast evaporation of a few drops of

This journal is © The Royal Society of Chemistry 2016
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1 2

Ambient light
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Fig. 7 Photos of powder samples of 1, 2 and ground 1 or 2 (g) under natural
light (left) and UV light (right) showing the MCL properties of [BiBrs(bp2mo),]
and the interconnections between the three solid states: crystallized poly-
morph 1, crystallized polymorph 2 and amorphous ground sample patterns.

ACN deposited on the ground sample leads to the kinetic phase 2
(Fig. 7).

Conclusions

In conclusion, we report in this work on the MCL properties of
the bismuth complex [BiBrs;(bp2mo),] which exists as two poly-
morphs, 1 and 2. This compound represents the second example
of an MCL material based on bismuth ions, and the first one
based on the simple ligand of bp2mo. Besides the impressive red
shift in the emission of 100 nm between the pristine compound,
either polymorph 1 or 2 (yellow-green emission), and the amor-
phous ground sample (red emission), the very interesting feature
concerns the recovery of 1 or 2 from the ground sample which
can be controlled depending on the process used, heating and
fuming giving the thermodynamic phase 1, while drops of ACN
gives the kinetic phase 2. The emission intensity of 1 and 2 being
very different, this leads to an unprecedented ‘“one compound/3
types of luminescence (g, 1, 2)” system where the g — 1 and
g — 2 transitions are fully reversible in the solid state. We
believe that our results cannot only provide in-depth insights
into the MCL mechanism of a new class of Bi based complexes
but also expand the class of materials with potential application
as multifunctional sensors or memory devices.
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