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High contrast mechanochromic and
thermochromic luminescence switching by a deep
red emitting organic crystal†

Manas K. Panda, *ab Nayana Ravi,a P. Ashac and A. P. Prakashamd

In this study, we report a deep red emissive organic crystal that displays high contrast fluorescence

switching under mechanical and thermal stimulation. Upon mechanical grinding, the pristine red emissive

crystals of 1R (λem = 667 nm) transformed into green emissive crystalline powder (λem = 550 nm) with a re-

markable hypsochromic shift of wavelength, Δλ = 117 nm. The melting of 1R leads to a green emissive

amorphous solid (λem = 555 nm) with a wavelength shift of Δλ = 112 nm. Upon fuming with different sol-

vents, the amorphous melt solid transforms into different polymorphs having distinct emission characters.

The structural relationship between different emissive states is investigated with the aid of X-ray diffraction

and other spectroscopic studies, which clearly demonstrate the roles of ordered molecular packing and

intermolecular interaction in determining their diverse optical response.

Introduction

Solid materials that change photoluminescence (PL) color in
response to external stimuli are of great interest for optoelec-
tronic devices,1–3 sensors,4,5 memory recording,6 security writ-
ing,7,8 and solid-state lasers.9,10 In recent years, a large number
of mechano-, thermo- or vapo-responsive photoluminescent
materials have been developed and explored for various appli-
cations. Although inorganic-based dyes such as Pt-, Au-, and Ir-
complexes have rich and diverse emission properties,11–18

organic-based solid emitters have recently been getting more
attraction primarily because of their low toxicity, low cost of
raw materials and light weight.

Mechanochromic luminescent (MCL) materials have re-
cently attracted immense attention because of fundamental
curiosity about their mechanisms as well as their various ap-
plications. Developing materials that exhibit high contrast PL
color in two different solid states have been a great challenge
since it needs considerable changes in electronic interactions

in the photoexcited state. Such emission switching in solid
crystalline materials relies on the reconfiguration of molecu-
lar packing and/or conformational changes in response to ex-
ternal stimuli. Except for a few handful of examples that
show high contrast color switching,19–21 most of the organic-
based MCL materials display small energetic shifts which are
usually towards the bathochromic end.22–30 Examples of or-
ganic materials that exhibit hypsochromic luminescence with
a large wavelength shift in response to mechanical or other
stimuli are rather limited.31–33 From a point of fundamental
interest, developing such organic materials have attracted im-
mense attention because, in this way, one can produce high
energy emission by mechanically stimulating the low energy
emissive material. This calls for the design and synthesis of
red or NIR emissive materials which is another challenging
task, because these materials are generally made of long
π-conjugated molecules or macrocyclic aromatics and are pre-
pared by multistep synthesis followed by tedious purification
process. One alternative way to achieve small molecular red-
emissive materials is to introduce a suitable donor–acceptor
functionality in the molecule that favors strong intramolecu-
lar and intermolecular charge transfer interactions in the
solid state which lowers the optical band gap and results in
red/NIR emission. Such a strategy has been recently adopted
by Kim et al. and Cheng et al.34,35

Herein, we report a deep red emissive organic crystal (1R)
that exhibits a large hypsochromic luminescence shift from
red to green upon application of mechanical and thermal
stimuli. Mechanical grinding of the red emissive crystal 1R
(λmax = 667 nm) leads to green emissive powder (1R-grind,
λmax = 550 nm) with a remarkably large wavelength shift, Δλ =
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117 nm. Melting of the 1R crystal also results in a green
emissive material (1R-melt, λmax = 555 nm) with an energy
shift of 112 nm. To our knowledge, this is one rare example
of a single molecular component organic crystal that displays
such a large hypsochromic fluorescence shift within the visi-
ble color spectrum. The molecular components of 1 include
donor diphenylamine (DPA) and acceptor PhĲCF3)2 functional
groups which favor strong intramolecular charge transfer in-
teractions both in solution and in the solid state. Compound
1 is highly emissive in the solid state due to the strongly
allowed electronic transition between delocalized frontier
molecular orbitals in the densely packed molecular environ-
ment. Our design strategy offers a much simpler synthesis to
achieve deep red emission in the solid state and could have
potential application in low-cost optoelectronic devices.

Experimental section
Materials and methods

3,5-BisĲtrifluoromethyl)phenylacetonitrile was purchased from
TCI India and 4-(diphenylamino)benzaldehyde (DPA) was pur-
chased from Sigma-Aldrich and were used without further
purification. Tetrabutyl ammonium hydroxide (TBAH) was
purchased from Merck Chemicals and was used as received.
HPLC grade solvents were used for crystallization and
spectroscopy studies.

Instruments

Absorption and fluorescence spectra. Solution state UV-vis
spectra were recorded on a Shimadzu UV-Vis 2600 spectropho-
tometer and solid-state absorption spectra were recorded on a
PerkinElmer Lambda 35 UV-vis spectrophotometer using an
integrating sphere. For the UV-vis analysis of the 1R crystal, a
few small sized crystallites were attached to a quartz plate and
placed in the optical path during data collection. In the case
of 1R-grind, a thin film was made on the quartz plate by care-
ful grinding the 1R crystal. Solid state emission spectra of the
crystals and ground samples were recorded using a HORIBA
SPEX Fluorolog FL-1039 spectrofluorometer. The smaller
sized crystals or ground samples were glued (with non-
fluorescent grease) on the sample holder groove and covered
with a quartz disc and then the spectra were recorded. For the
absolute quantum yield (QY) measurement, the crystals and
ground samples were sandwiched between two glass plates
and placed in the optical path inside a calibrated integrating
sphere in a HORIBA Fluorolog spectrofluorometer (SPEX)
employing a Xe arc lamp as the excitation source in the
sphere using specific excitation wavelengths. Prior to the ex-
periment, the integrating sphere was calibrated using trisĲ8-
hydroxyquinolinato) aluminum (Alq3). The absolute quantum
yield was calculated using a method reported previously.36

Fluorescence lifetime measurements were carried out using a
modular time correlated single photon counting spectrometer
(Horiba) equipped with a DeltaFlex detector: PPD850.

Optical microscopy. Fluorescence images were captured
using a Leica DM 2500P microscope. For the temperature de-

pendence study, a Linkam THMS 600 hot stage was used
which is equipped with a microscope.

IR spectroscopy. Infrared spectra were recorded using a
SHIMADZU IR Prestige-21 spectrometer using KBr as the
matrix.

Thermal study. Differential scanning calorimetric (DSC)
measurements were carried out using a TA Instruments DSC
Q2000 model with a refrigerated cooling system with a heating
and cooling rate of 10 °C min−1 under a nitrogen atmosphere.
Thermogravimetric analyses (TGA) were performed using a TA
instruments SDT Q600 V20.9 Build 20 with a heating rate of
10 °C per minute using nitrogen as the purging gas.

Powder X-ray diffraction (PXRD). PXRD data of the sam-
ples were measured using a XEUSS SAXS/WAXS system by
Xenocs, operated at 50 kV and 0.60 mA. The X-ray radiation
was collimated with a FOX2D mirror and two pairs of
scatterless slits from Xenocs. The data were collected in the
transmission mode geometry using Cu Kα radiation (wave-
length λ = 1.54 Å). The fiber diagrams were recorded using an
image plate system (mar345 detector) and processed using
Fit2D software.

Single-crystal X-ray diffraction. The data of the crystals
were collected using a Bruker APEX-II CCD diffractometer at
298 K using graphite-monochromated MoKα radiation (λ =
0.71073 Å). The SAINT software was used for data reduction,
which were analyzed for agreement using XPREP.37 Absorp-
tion correction was carried out using the SADABS program.38

The structure was determined by the method included in the
SHELXT program of the APEX software suite and refined
using SHELXL-2014.39–42 The non-hydrogen atoms were re-
fined anisotropically. The positions of the hydrogen atoms
were calculated and refined isotropically. Details of the crys-
tallographic parameters are given in ESI† Table S3. The crys-
tallographic data have been deposited with the Cambridge
Crystallographic Data Centre (CCDC) under reference no.
1840350.

Computational methods. Density functional theory (DFT)
calculations were carried out using the Gaussian 09 program
suite using a hybrid Becke three-parameter exchange func-
tional combined with the Lee–Yang–Parr correlation func-
tional (B3LYP).43–45 The 6-31G(d) basis set was used for all
calculations. Gas-phase geometry optimizations of the mono-
mer and dimer were performed using coordinates from the
crystal structure of 1R. In the case of the model dimer, two
parallel stacked molecules were chosen from the packing dia-
gram and geometrically optimized in the gas phase. Single
point calculations were carried out in both the gas phase and
in the solvent phase (DMF). Tomasi's polarizable continuum
model (PCM)46 was used for describing the solvent effect on
the HOMO–LUMO gap of the compound. All of the output
structures were visualized using the Chemcraft software.47

Synthesis procedure

The compound was synthesized by following a reported
method.48 Briefly, to a solution of 4-(diphenylamino)-
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benzaldehyde (0.230 g, 0.84 mmol) in 20 mL methanol, 3,5-
bisĲtrifluoromethyl)phenylacetonitrile (0.15 mL, 0.84 mmol)
was added. Subsequently, potassium tert-butoxide (0.112 g,
1.0 mmol) and tetrabutyl ammonium hydroxide (1 mL, 1.0
mmol, 25% w/v methanol solution) was added to the reaction
pot and the resulting solution was heated at 50 °C for 4 h.
The product mixture was cooled and kept for crystallization
for 2 days. Orange coloured plate-shaped crystals of the prod-
uct were obtained from the mother liquor which was isolated
by filtration (0.321 g, 75%). 1H NMR (500 MHz, CDCl₃): δ

(ppm) 8.05 (s, 2H, Ar-H_ ), 7.83 (d, 3H, J = 8 Hz, Ar-H_ ), 7.51 (s,
1H, Ar-H_ ), 7.35 (t, 4H, J = 8 Hz, Ar-H_ ), 7.19–7.15 (m, 6H, Ar-
H_ ), 7.05 (d, 2H, J = 8 Hz, Ar-H_ ). HRMS: calculated for
C29H18F6N2 is 508.1374, obtained m/z = 509.1452 (M + H).

Results and discussion
Photophysical characterization

Molecular compound 1 (Fig. 1a) was synthesized by the reac-
tion between 4-(diphenylamino)benzaldehyde and 3,5-
bisĲtrifluoromethyl)phenylacetonitrile in 75% yield, following
a literature procedure.48 The compound was thoroughly char-
acterized by spectroscopic and single crystal X-ray diffraction
studies. The UV-vis spectra of 1 (in DMF or toluene solution,
1 × 10−5 M) display a strong absorption band with λmax = 415
nm which can be assigned to the intramolecular charge
transfer (ICT) interaction involving the donor–acceptor group
in the molecule (Fig. 1c).

The density functional theory (DFT) study of the monomer
species revealed that the HOMO is concentrated on the di-
phenylamine donor while the LUMO is located on the CF3-
substituted phenyl ring acceptor, which is also supportive of
the ICT character (Fig. 1b and d and S1, ESI†). The steady
state fluorescence spectra of 1 in toluene solution (1 × 10−6

M) exhibits an emission band at λmax = 522 nm which corre-
sponds to the ICT fluorescence (1CT → S0 transition) of the
monomer species. This band is red-shifted in DMF solution

to λmax = 612 nm (Stokes shift of 7756 cm−1) due to the
solvatochromic effect (Fig. 1c). The time-resolved fluores-
cence spectra of 1 in toluene solution showed a single expo-
nential decay with a lifetime of 0.304 ns (λem = 523 nm)
which corresponds to the monomeric species. Interestingly,
compound 1 shows aggregation-induced emission enhance-
ment (AIEE) behavior. As depicted in Fig. S2b, ESI,† upon ad-
dition of water to the DMF solution of 1 (1 × 10−3 M), the
emission intensity drastically increases with a concomitant
blue-shift of the emission maxima. This AIE effect could be
ascribed to the presence of bulky twisted phenyl rings of the
diphenylamine moiety that favor a non-planar arrangement
during the aggregation process and prevent the non-radiative
loss of excited state energy. Moreover, the blue shift of the
emission maxima can be attributed to the random arrange-
ment of molecules in the aggregate state (1-aggregate) which
disallows long range electronic delocalization. Along this
line, we have also tested the emission behavior of aggregates
from a dilute solution of a volatile solvent. As observed from
Fig. S2a, ESI,† the drop-casted aggregated film of 1 (1 × 10−4

M in dichloromethane solution) exhibits green emission with
λmax = 543 nm. Our visual inspection reveals that these are
bead-like spherical particles and not crystalline.

Slow evaporation of the hot DMF solution of 1 produced
deep red emissive crystals 1R which display a broad absorp-
tion profile peaking at ∼440 nm. This band could be attrib-
uted to the charge transfer band in the solid state (Fig. S2a,
ESI†). Compared to those in the solution spectra, the broad-
ening and slight red shift of the solid-state absorption band
can be attributed to the delocalized charge transfer state
which lowers the optical band gap. In fact, the spectroscopic
band gap calculation reveals that the HOMO–LUMO gap in
the crystalline state (2.01 eV) is much lower than in that in
the solution state (2.43 eV in DMF solution), further
supporting the above statement. In order to observe FMO dis-
tribution, DFT calculation was carried out for a dimeric spe-
cies where two molecules are in close proximity (using the in-
put coordinates from the crystal structure of 1R). As shown
in Fig. S1b, ESI,† the electron density of the HOMO is located
on the donor moiety of one molecule while the LUMO density
is located on the acceptor group of another molecule, indicat-
ing intermolecular charge transfer interaction with a concom-
itant decrease in the HOMO–LUMO gap (compared to that in
a monomer). Accordingly, the solid state fluorescence spectra
of the 1R crystal exhibit a structureless emission band with a
maximum at λmax = 667 nm (Fig. S2a, ESI†) which is signifi-
cantly red shifted (by 55 nm) compared to that in DMF solu-
tion. Such a large red shifted emission is expected to be con-
tributed by an electronic excited state that arose from
delocalized frontier molecular orbitals favored by inter-
molecular interaction between the molecules in orderly
packed crystalline media. In fact, the solid state excitation
spectra of the 1R crystal (λem monitored at 660 nm) showed a
red shifted ICT band along with a new shoulder band at 580
nm which can be assigned to intermolecular charge transfer
interaction in the solid crystal matrix (Fig. S3, ESI†). The

Fig. 1 (a) Molecular structure of 1; (b and d) frontier molecular
orbitals (FMO) of 1 obtained from DFT calculations; (c) absorption and
emission spectra of 1 in toluene and DMF solution.
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pristine 1R crystals are highly emissive in nature having a
solid state quantum yield of 0.50, which is much higher than
that in DMF solution. (Table S1, ESI†). The enhanced quan-
tum yield can be attributed to the crystallization induced
emission enhancement (CIEE) resulting from the combined
effect of stronger ICT and long range intermolecular interac-
tions in the crystal that restrict the conformation flexibility
and minimize the non-radiative loss of excited energy.49 It is
interesting to observe that an ordered aggregation/assembly
in the crystal leads to a bathochromic emission shift (1 in
DMF solution vs. the 1R crystal) while a random aggregation
leads to a hypsochromic emission shift (1 in DMF solution
vs. 1-aggregate in the DMF–water mixture). This observation
indicates the key role of molecular arrangement in facilitat-
ing the delocalization of the charge transfer excited state in
solid media that can tune the emission colour.

The time resolved emission profile of the 1R crystal ex-
hibits a tri-exponential decay curve with lifetimes (τ) of 25.5
ns (41%), 7.3 ns (50%), and 0.48 (8.4%), suggesting that there
might be a competitive radiative pathway through which the
excited molecules relax in the crystal (Table S2, ESI†). These
values are higher than the lifetimes observed in the solution
state, presumably because of the stabilization of excited
states due to various intermolecular interactions in the crys-
talline matrix.

Single crystal X-ray structure

The red emissive 1R crystallizes in the monoclinic system
with a P21 space group (Fig. 2, Table S3, ESI†). Two antiparal-
lel molecules in the asymmetric unit are stabilized by inter-
molecular C–H⋯π interaction involving a DPA proton and
the phenyl ring of the acceptor group of the other molecule
(H6 to centroid distance = 3.245 Å, Fig. 2a). Conformational
analysis of the molecules in the asymmetric unit reveals that
the π-phenyl ring and acceptor phenyl rings are nearly co-
planar (14.53°, Fig. 2b). However, the phenyl rings of the do-
nor DPA group are much more twisted and the dihedral an-

gles between the π-phenyl plane and the DPA phenyl planes
are 67.34° and 57.59°. Such a conformation would prevent a
closer approach of the molecules in packed solid media. In
fact, as depicted in Fig. 2c, the distance between two phenyl
planes of slip-stacked parallel molecules is 5.268 Å (centroid
to centroid distance) which impedes intermolecular π⋯π

stacking interaction and thereby prevents fluorescence
quenching in the solid state (Fig. S4, ESI†). The molecules
are packed in a parallel fashion on the ac plane and
connected by C–H⋯N hydrogen bonding interactions
(H43⋯N4 = 2.657 Å, H14⋯N2 = 2.684 Å) as well as C–H⋯π

interactions (H to centroid distance = 3.495 Å, Fig. 2). Inter-
estingly, as shown in Fig. S5, ESI,† the molecules are alterna-
tively connected by C–H⋯F and C–H⋯π interactions in a
manner that facilitates the intermolecular charge transfer
interaction between the donor group of one molecule and the
acceptor group of the other molecule. This long-range delo-
calization of charge transfer interaction is one of the possible
factors for the red emission of the 1R crystal. This interaction
is extended like a zigzag chain along the crystallographic
b-axis. As mentioned earlier, the shoulder band at 580 nm in
the fluorescence excitation spectra is due to the newly gener-
ated excited state that corresponds to intermolecular charge
transfer interaction in the crystal (Fig. S3, ESI†). Further-
more, our DFT calculation of the dimer shows that the
HOMO is located on the donor group of one molecule while
the LUMO is primarily concentrated on the acceptor group of
the other molecule, indicating the occurrence of inter-
molecular charge transfer interaction that lowers the HOMO–
LUMO energy gap (Fig. S1b†).

Mechanochromic luminescence

Interestingly, 1R crystals display impressive mechanochromic
and thermochromic luminescence switching with a remark-
able shift in fluorescence wavelength. Upon gentle crushing
(with a mortar and pestle), the red emissive crystal turns into
bright yellow emissive fragments having λmax = 580 nm
(Fig. 3a and c). Further grinding leads to a greenish yellow
emissive material (1R-grind) having λmax = 550 nm with an
overall wavelength shift of Δλ = 117 nm (Fig. 3b and e). Such
a large shift of wavelength is rarely observed, particularly for
molecular organic materials. Upon fuming with common or-
ganic solvents (hexane, dichloromethane, chloroform, metha-
nol, THF, DMF, etc.), the green emissive 1R-grind trans-
formed into the yellow emissive form, but not into the red
emissive form. The PXRD pattern of the green emissive 1R-
grind confirms that the material retains its crystallinity after
grinding. However, compared to the pristine 1R crystal, the
reflection peaks are much broader for 1R-grind, suggesting a
decrease in long range molecular order in the later (Fig. 3d).
As observed from Fig. S6, ESI,† several diffraction peaks of 1R
in the higher 2θ region (20–30°) disappeared or have drasti-
cally reduced intensity upon grinding. This observation is
supportive of pressure induced structural rearrangement to a
relatively disordered phase in 1R-grind. Such diminution of

Fig. 2 Crystal structure of 1R (a) interaction between two molecules
in an asymmetric unit; (b) twist angles between the phenyl planes; (c
and d) stacking and intermolecular interactions in 1R along different
crystallographic directions.
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the long range order would result in perturbation of inter-
molecular charge transfer interaction. Indeed, as observed
from Fig. S3, ESI,† the excitation band at 580 nm which corre-
sponds to intermolecular charge transfer interaction disap-
pears upon grinding. In this stage, the monomeric ICT inter-
action is expected to be dominant which results in the green
emission of 1R-grind peaking at λem = 550 nm. It is important
to mention here that, during the crystallization of the red
emissive 1R, we have also observed the formation of a few
pieces of micron sized green emissive polymorphs (Fig. S7,
ESI†). These crystals are very much fragile and difficult to
handle. Our repeated attempts to scale up the crystallization
of green polymorphs and to obtain good diffraction quality
crystals were unsuccessful.

To unravel the molecular level change during the course
of mechanochromic switching, we have carried out infrared
spectroscopy on the pristine 1R crystal (ATR spectra) and
ground powder (1R-grind). Comparative analysis of the spec-
tra indicates that the degree of intermolecular interaction is
very much perturbed upon grinding. Specifically, the out of
plane aromatic C–H frequencies in 1R, 890 and 841 cm−1,
blue shifted to 893 and 843 cm−1 in 1R-grind (Fig. S8, ESI†),
suggesting the change in symmetry as well as the weakening
of the intermolecular interactions such as C–H⋯N and C–
H⋯π involving this bond. Moreover, the symmetric and
asymmetric CF3 stretching frequencies 1124, 1329 and 1374

cm−1 (Fig. 3f) in 1R also increase upon grinding, suggesting a
significant change in the hydrogen bonding interactions in-
volving this functional group. Such weakening of inter-
molecular interaction in the solid state would result in the
loss of crystallinity and long-range order which is also
reflected in the PXRD pattern of 1R-grind (discussed earlier).

Thermochromic luminescence

In order to explore the thermochromic luminescence of 1R,
we first carried out thermogravimetric analysis (TGA) and dif-
ferential thermal calorimetry (DSC). As shown in Fig. S9 and
S10, ESI,† the pristine crystal 1R is thermally stable up to
∼200 °C and has a melting point of 134.7 °C. The melting
point slightly decreased upon grinding due to the loss of
intermolecular contacts in 1R-grind. Next, we heated the 1R
crystal (heating rate 10 °C per minute) on a Linkam hot stage
equipped with a fluorescence microscope. Upon heating, the
crystal loses its fluorescence near the melting point; however,
it regains a weak green fluorescence (λmax = 555 nm) upon
cooling to room temperature (Fig. 4a and d). The difference
in emission wavelength between the 1R crystal and cooled
solid melt (1R-melt) is 112 nm, nearly in the same range as
that observed upon grinding (Fig. 4j). The PXRD plots of 1R-
melt reveals a featureless pattern which confirms its amor-
phous nature (Fig. 4k). This suggests that the molecules in
1R-melt are devoid of long-range intermolecular interactions
that can affect the electronic state delocalization, and as a

Fig. 3 Mechanochromic luminescence switching of a pristine 1R
crystal; (a, c and e) fluorescence microscopy images at different stages
of grinding; (b) emission spectra of 1R and 1R-grind; (d) PXRD plots; (f)
infrared spectra of 1R and 1R-grind.

Fig. 4 (a and d) Fluorescence microscopic images of 1R and 1R-melt,
respectively; (b, e and h) fluorescence microscopy images of
recrystallized materials upon fuming of 1R-melt with DMF, hexane and
ethanol vapor, respectively; (c, f and i) the corresponding SEM images;
(g) SEM image of 1R-melt; (j) emission spectra and (k) PXRD plots of
1R-melt and solvent fumed recrystallized materials.
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result, it exhibits green emission due to monomeric ICT
fluorescence.

Interestingly, when the amorphous 1R-melt was exposed to
solvent vapor fuming, it recovers its crystallinity with a con-
comitant increase in fluorescence intensity. A diverse range of
fluorescence colors was observed with different solvents. For
example, fuming of the green emissive 1R-melt with DMF va-
por (at 50 °C) resulted in a crystalline solid having a structure-
less orange-red emission band which has a λmax of 650 nm
and a broad shoulder in the orange region (Fig. 4b and j). A
comparison between the emission spectra (Fig. 3b and 4j) and
PXRD patterns (Fig. 3d and 4k) suggest that the vapour fumed
orange-red phase (i.e. 1R-melt DMF vap) and the pristine red
emissive phase, 1R are different. Fuming of 1R-melt with eth-
anol vapor (at 60 °C) results in yellow emissive crystalline ma-
terials (λmax = 584 nm) while fuming with hexane (at 40 °C) re-
sults in yellowish-orange emissive (λmax = 594 nm) crystalline
materials. Such distinct emission colors could arise due to
the formation of different polymorphic forms induced by sol-
vent vapor molecules having different polarities. Scanning
electron microscopy (SEM) analysis of the solvent fumed crys-
talline materials reveals unique morphologies of the crystal-
lites that have different emission behaviors (Fig. 4c, f and i).
The DMF fumed red emissive materials are needle-shaped
while the yellow emissive crystallites are plate-shaped. In fact,
the PXRD patterns of these vapor fumed crystallites confirmed
their different molecular packings (Fig. 4k). As observed from
Fig. 4k, these polymorphs feature many sharp peaks, indicat-
ing the formation of well-ordered crystalline structures.

A comparative look on the PXRD patterns of the pristine
1R crystal and vapour fumed polymorphs (Fig. S11, ESI†) re-
veal that the patterns are relatively dissimilar, except for a
few common reflection peaks at 2θ = 10.4° and 21.6°. This
difference in packing can be rooted to the crystallization pro-
cesses of 1R (by slow evaporation) and vapor fumed crystal-
lites (fast vapour fuming).

The TGA thermograms of the recrystallized samples do
not show any weight change related to solvent loss which
confirms that no solvent molecules are trapped in the lattice
(Fig. 5a). Thus, possibly solvent molecules of different sizes
and polarities interact with the disordered molecules of 1 in
the amorphous solid and induce reordering or relaxation into
different types of packings that have distinct photophysical
features. In order to shed more light into the molecular level
changes, we have obtained the infrared spectra of the amor-
phous 1R-melt and solvent fumed crystallized materials
which provide important information about the changes in
intermolecular interactions. As depicted in Fig. 5b, the sym-
metric CF3 stretching frequencies at 1136 and 1337 cm−1 in
1R-melt are downshifted to 1133 and 1333 cm−1, respectively,
indicating the re-engagement in intermolecular interactions
upon crystallization.

Based on all the above observations, we propose a mecha-
nistic model that could demonstrate the structure–emission
correlation of the solid state emissive behavior of 1 (Fig. 5c).
The molecules in the 1R crystal are orderly connected to each

other by non-covalent interactions that facilitate the delocali-
zation of charge transfer interactions and this results in red
emission. Upon hard grinding of the crystal, the long-range
order of the molecules is perturbed which inhibits the delo-
calization of charge transfer interaction and thus exhibits a
hypsochromically shifted ICT emission of the isolated mole-
cule. Melting of 1R also leads to a disordered amorphous
state where intermolecular interactions between the mole-
cules are insignificant and results in green emission that cor-
responds to the ICT interaction.

Conclusion

In summary, we have developed a synthetically simple
cyanostyryl-based deep red emitting organic crystal that ex-
hibits remarkably high-contrast fluorescence switching. The
emission colors of 1 in the solid state can be effectively tuned
by external stimuli such as pressure, temperature and solvent
vapour fuming to modulate the molecular packing. With the
aid of single crystal X-ray diffraction and spectroscopic char-
acterization, we have unraveled the molecular level mecha-
nism that is responsible for structural switching during this
fluorochromism. In the solution state, green emission is
caused by ICT interaction within the molecule where it exists
as isolated monomeric species, whereas, the tightly packed
ordered orientation of molecules in the 1R crystal facilitates
the delocalization of charge transfer states by various

Fig. 5 (a) TGA thermograms of vapor fumed recrystallized materials;
(b) infrared spectra of 1R-melt and vapor fumed crystallized samples
showing changes in stretching frequency upon crystallization; (c)
cartoon model of the structural change and the corresponding
emission behavior.
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intermolecular interactions and results in deep red emission.
Upon mechanical or thermal stimulation, the tight packing
structure of 1R is loosened, its molecules become disordered,
thus weakening the intermolecular interactions that affect
the delocalization of the electronic excited state, and as a re-
sult, blue-shifted emission occurs. On the other hand, vapor
fuming of amorphous molecules (melt solid) induce
reordering of molecules in different packing arrangements
that result in distinct fluorescent phases with
bathochromically shifted emission. Such a concept design of
the present molecule could be exploited further to develop
new deep red/NIR emissive materials that might exhibit ex-
otic luminescence properties and can be used for novel opto-
electronic applications.
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