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Mechanochromism induced through the interplay
between excimer reaction and excited state
intramolecular proton transfer
Yu-Chen Wei1, Zhiyun Zhang1,2, Yi-An Chen1, Cheng-Ham Wu1, Zong-Ying Liu1, Ssu-Yu Ho1, Jiun-Chi Liu1,

Jia-An Lin1 & Pi-Tai Chou1

Excited-state intramolecular proton transfer (ESIPT) and excimer formation are unimolecular

and bimolecular reactions, respectively. The coupling between these two reactions has

been rarely observed. Here we show the interplay between ESIPT and excimer formation

in CF3-HTTH (2,2′-(thiazolo[5,4-d]thiazole-2,5-diyl)bis(4-(trifluoromethyl)phenol) solid

crystal, resulting in the extensively broad multiple emissions spanning from 420 to 750 nm.

Comprehensive structural, time-resolved spectroscopic, and two-photon microscopic studies

of CF3-HTTH in crystal lattice unveil the pre-equilibrium ESIPT between the normal (N*) and

tautomer (T*) form, for which the slow population decay and well-ordered lattice packing

facilitate excimeric (E*) formation, rendering N* (460 nm), T* (520 nm) and E* (600 nm)

triple emissions. In contrast, the lower degree of packing on the solid surface prohibits

excimer formation, showing only the ESIPT process. The correlation between luminescence

properties and packing structure sheds light on the corresponding mechanochromic

effect based on molecular solid architecture and provide new insight into the aggregation-

induced properties.
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Organic luminescence in solid state is an intense area of
investigation owing to its versatile applications1–3. The
broad interest in solid-state emissions has led to

increased interest in high photoluminescence quantum yield
(PLQY) at ultra-blue4–7, white-light8,9 and near-infrared
region10,11, temperature-dependent color changes for
sensing12,13, mechanoluminescence and mechanochromism14,15,
and micro-cavity laser16–18. To further tune these properties,
understanding and hence manipulation of their light-emitting
behavior in solid state is crucial, especially the alliance between
structure of molecular solid and the corresponding excited-state
properties. Some of the frequently reported properties include
aggregation-induced emission (AIE) or aggregation-caused
quenching (ACQ) to describe relevant phenomena8,9.

The excimer formation in solid state is the other key area of
interest, which is defined as an electronically excited molecule
interacting with the proximal congeners, forming a dimer-like
configuration that otherwise has no bonding formation in the
ground state19. Due to the repulsive ground-state potential energy
surface, the emission features are unstructured and exhibits large
Stokes shift as compared to the corresponding monomer20. Its
dynamics incorporating four electronic levels has been extensively
applied to laser action21. Empirically, organic excimer formed in
solid state requires molecular stacking layer-by-layer in an
interplanar distance around 3.5 Å such that they are virtually in
dimers- or oligomers- like arrangement22. Similarly, excited-state
intramolecular proton transfer (ESIPT) reaction in solid state is
another interesting property. ESIPT is the relocation of the pro-
ton in the excited state, giving rise to an isomer (proton-transfer
tautomer) species that exhibits emission with anomalously large
Stokes shift with respect to the absorption. In contrast to the
above-mentioned bi- or aggregate-molecular event, ESIPT is a

unimolecular reaction that is subjected to less environmental
perturbation in solid. This unique property has led to numerous
fundamental approaches23–28 and cutting-edge applications29–31.
One of recent advances can be ascribed to the ESIPT coupled
thermally activated delay fluorescence (TADF) system, rendering
high performance OLED with external quantum efficiency (EQE)
of around 14%32.

Here we show the aggregation phenomena by reporting
the simultaneous ESIPT coupled excimer formation in a system
CF3-HTTH (2,2′-(thiazolo[5,4-d]thiazole-2,5-diyl)bis(4-(tri-
fluoromethyl)phenol), Fig. 1a), rendering a triple emission
spanning from 420 to 750 nm in a single-type molecular solid.
Two-photon excitation microscopy, which is well-established in
biological imaging but rarely applied in material emission
microscopy in organic solid33,34, spatially (in depth) resolved the
ratiometric emission that depends on degree of packing from the
crystal surface to kernel. These, together with the studies of
the molecules CF3-MTTH and CF3-MTTM that possess one
and none proton donating sites, respectively, as well as a series
of other CF3-HTTH congeners as reference compounds, lead us
to unify structural criteria undergoing ESIPT coupled excimer
reactions. Note that the system exhibiting ESIPT and excimer
emissions has been reported. However, the compound contains
two moieties that undergo excimer formation and AIE–ESIPT
separately without correlation35. In sharp contrast, as evidenced
by the time-resolved spectroscopy and dynamics of the emission,
our results clearly shed light on the direct correlation between the
ESIPT and excimer dynamic processes.

Results
Synthesis and crystal structures. Syntheses of compounds
CF3-HTTH, CF3-MTTH (2-(5-(2-methoxy-5-(trifluoromethyl)
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Fig. 1Molecular and crystal structures. a The structures and ellipsoids at the 50% probability level. Carbon, oxygen, sulfur, nitrogen, and fluorine atoms are
shown as gray, red, yellow, blue and yellow-green, respectively. Hydrogen atoms are simulated by software and the red dotted lines show the hydrogen
bond distance. Also indicated are the H-bond distances. b Molecular structures of reference compounds HTTH, t-HTTH, m-HTTH, and F-HTTH. c Room
temperature steady-state emission of CF3-HTTH, CF3-MTTH and CF3-MTTM in pristine solid powder (solid line). Also shown is CF3-HTTH in solid thin
film (dashed line) prepared by vapor deposition on the quartz substrate. d The naked eyes view of the emission of three compounds in solid powder and
CF3-HTTH in solid thin film. The excitation wavelength is 380 nm. e The Stacking images in the crystal of CF3-MTTM, CF3-MTTH and CF3-HTTH. Red
vectors represent the interplanar distances d. θ is denoted by green angles. Blue vectors indicate the intermolecular distances R
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phenyl)thiazolo[5,4-d]thiazol-2-yl)-4-(trifluoromethyl)phenol,
Fig. 1a) and CF3-MTTM (2,2′-(thiazolo[5,4-d]thiazole-2,5-diyl)
bis(4-methylphenol), Fig. 1a) were according to a procedure
described in our previous work on t-HTTH (2,2′-(thiazolo[5,4-d]
thiazole-2,5-diyl)bis(4-tert-butyl-phenol, Fig. 1b)36 with slight
modification (Supplementary Figure 1). Their single crystals were
all obtained by slow evaporation of solvent from the mixture
solutions of dichloromethane/ethanol and examined by X-ray
analysis (Supplementary Data 1–12). As shown in Fig. 1e, the
molecular structures of the three titled compounds are all nearly
planar. The dual and single intramolecular H-bond formation in
CF3-HTTH and CF3-MTTH crystal is apparent (Fig. 1a), which
is also supported by the H-NMR with large down field shifted
proton peaks at δ 12.30 and δ 12.35 ppm, respectively, in DMSO-
d6 (Supplementary Figure 9 and 10). Despite the sameness in
molecular structure, the existence of -CF3 and/or -OCH3 makes
they much different in molecular packing, manifesting their dif-
ference in photophysics and excited-state reaction dynamics in
solid (see below).

Steady-state behaviors of solid. The three congeners in solid,
shown in Fig. 1c, d, exhibit much different photophysical prop-
erty (Supplementary Table 1). For CF3-HTTH in pristine solid
powder, in addition to dual emission bands located at around 440
nm (the first vibronic peak) and 520 nm, a major red emission
band appears at 600 nm; the combination of these three emission
bands shows prominent white light generation (Fig. 1c, red line).
Upon monitoring at three individual emission regions, similar
excitation spectra are obtained (Supplementary Figure 2), indi-
cating that they all originate from the same ground-state species.
Because spectral features and location of 440 nm and 520 nm
bands are similar to those of the dual emission in solution
(Supplementary Figure 3 and Supplementary Note 1), it is rea-
sonable to attribute them to the normal and proton-transfer
tautomer emissions, respectively (see below). This viewpoint is
supported by the disappearance of tautomer 520 nm emission in
solid CF3-MTTM (Fig. 1c, blue line) where ESIPT is prohibited
due to the lack of proton donor (see Fig. 1a for structure). The
600 nm emission band is broad and lacks any prominent vibronic
progression, which is not observed in solution and disappears
when CF3-HTTH is deposited as a thin film on the quartz sub-
strate via vapor deposition or dissolved in a PMMA film (Fig. 1c,
dashed line and Supplementary Figure 4). Therefore, its origin
associated with some sort of self-assembled intermolecular
interaction is unambiguous. Accordingly, we tentatively assign
the 600 nm emission band in the solid to the excimer emission.
The coexistence of ESIPT and excimeric reactions in a single type
molecular solid, to our knowledge, is unprecedented. As for the
origin of excimer formation, on the one hand, ESIPT does not
seem to be the prerequisite for the excimer formation. This

viewpoint is supported by the observation of similar 600 nm
excimer emission in CF3-MTTM solid, where no ESIPT takes
place (Fig. 1c, blue line). Alternatively, the excimer formation
should be related to the molecular packing in the solid, as sup-
ported by CF3-MTTH that exhibits dual emission (440 and 520 nm)
via ESIPT in solid but lacks excimer emission (Fig. 1c, green line).

To gain further insight into the molecular packing, based on
the x-ray structures, we then examine the layer-by-layer crystal
structure of these compounds for possible interactions. According
to Kasha’s exciton model37, the coupling of transition dipole
moment plays an important role in determining the Stokes shift
of the emission spectrum in solid. Using the point-dipole
approximation, the energy splitting of infinite linear polymer,
ΔE, induced by the alignment of transition dipole, can be
expressed as38:

ΔElinear �
2jμ*j2
4πεR3

ð1� 3cos2θÞ; ð1Þ

where μ* is the transition dipole of a monomer. R is the
intermolecular distance between center of mass of the chromo-
phore. θ is the angle between μ

*
and R, which defines the J/H

aggregation. The energy splitting is zero when θ reaches 54.7o.
While θ becomes larger than 54.7o, the allowed transition state
blue shifts, dubbed as H-aggregate. Conversely, the structure that
makes the allowed state red-shifted is called J-aggregate, the
emission of which becomes more red-shifted, corresponding to
the prominent excimer emission. As for the simple case like CF3-
MTTM, the relevant short intermolecular distance 4.68 Å (center
to center) and J-aggregation-like θ angle 46.7o (Fig. 1e) lead to
excimer formation. Note that despite similar R and θ between
CF3-MTTH and CF3-MTTM, CF3-MTTH with ESIPT reveals
negligible excimer emission, which will be elaborated in the
section of time-resolved measurements (see below). Moreover,
We also make a fair comparison with the parent moiety HTTH,
the reported compound t-HTTH36 and the other derivatives m-
HTTH and F-HTTH (Supplementary Figure 5 and Supplemen-
tary Figure 6). Importantly, compounds HTTH, F-HTTH, m-
HTTH and t-HTTH36 with –H, -F, –CH3, and t-butyl
substituents all lack excimer emission (Supplementary Figure 7).
The x-ray structure shows that the θ angles of F-HTTH are 86.5°,
revealing an H-aggregation-like structure. In spite of the J-
aggregate-like packing structures in other derivatives(Table 1),
the long intermolecular distances R weaken the coupling of
intermolecular interaction, suppressing the tendency of excimer
formation.

As for CF3-HTTH, owing to the lamellar packing structures,
shown in Fig. 1e, the linear-polymer exciton model cannot
directly apply to the case of CF3-HTTH. To extend the model
toward two dimensional aggregations, Hochstrasser et al. derived

Table 1 Comparison of crystal structures of HTTH series compounds and the tendency of excimer formation

Interplanar distance d (Å)a θ (degree)b Intermolecular distance R (Å)c Excimer formation

CF3-MTTM 3.40 46.7 4.68 ✓
CF3-MTTH 3.50 48.2 4.70 X
CF3-HTTH 3.68, 3.36 19.5, 24.7 11.04, 8.05 ✓
HTTH 3.40 42.0 5.09 X
t-HTTH 3.48 35.2 6.04 X
m-HTTH 3.35 26.7 7.47 X
F-HTTH 3.37 86.5 3.77 X

aThe distances between the average planes of molecules, respectively
bThe angles between μ* and R
cThe intermolecular distances between the center of mass of the molecules
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the exciton coupling model in the lamellar system shown below:39

ΔElamellar �
8jμ*j2
4πεd3

ð2Þ

Intriguingly, the θ-dependent term is canceled out by summing
over the whole layer of transition dipoles, leaving the spatial term
of interplanar distance d. This difference greatly enhances the
exciton coupling of CF3-HTTH. Since the interplanar distance d
is much shorter than the intermolecular distance R especially for
J-aggregation-like structures, the coupling strength of CF3-HTTH
is expected to be larger than other derivatives, leading to the most
feasible excimer formation among series congeners listed in
Table 1. Empirically, it seems like that the prerequisite of excimer
formation lies in the symmetric dual OCH3-thiazolo[5,4-d] or
–OH-thiazolo[5,4-d] chromophore such as CF3-HTTH and CF3-
MTTM, which also requires –CF3 to occupy suitable space for
adjusting layer-by-layer structure with small θ. This perhaps is
due to the weak polarizability and decent size of –CF3. Moreover,
it has been reported that the interaction of C−F•••H−C helps to
align the molecules, which leads to different molecular organiza-
tion from those without –CF3 group40,41.

Time-resolved measurements of CF3-HTTH in solid. We then
performed time-resolved fluorescence measurements in attempts
to shed light on the associated reaction kinetics. We utilized pico-
to nanosecond time-correlated single-photon counting system
(TCSPC, system response time ~20 ps) to probe dynamics of
relaxation of the multiple emission at room temperature. Upon
exciting (400 nm) CF3-HTTH and monitoring at 650 nm where
the excimer emission is predominant, a long rise component of

400 ps is obvious from TCSPC measurement (Fig. 2a), followed
by a population decay of 2.4 ns. This 400 ps time constant is also
observed in the decay component of both normal and proton
transfer tautomer emission monitored at 460 nm and 550 nm
emission, respectively (Fig. 2a and Table 2), indicating that the
dynamics of ESIPT and excimeric formation are mutually cor-
related (see below). In addition to the 400 ps decay component
for both normal and tautomer emission bands, careful exam-
ination on Fig. 2a indicates that there exists a minor (~10%) slow
decay component of 1.7 ns when monitoring at either normal
(460 nm) or tautomer (550 nm) emission band. This non-
negligible component did not decrease its ratio of contribution
after several times recrystallization. Therefore, its origin from the
impurity is eliminated. More plausibly, the 1.7 ns component
originates from the surface effect of the solid. We will elaborate
this in detail in the following section regarding the spatial dis-
tribution of the emission properties in the solid crystal by two-
photon excitation emission microscopy (see below).

We then further probe the faster ESIPT dynamics of CF3-
HTTH, which cannot be resolved by TCSPC and has to be further
resolved by femtosecond fluorescence up-conversion technique
(system response time ~ 120 fs). Figure 2b clearly shows that the
decay time of the normal emission (460 nm) of 3.9 ± 0.2 ps, within
experimental error, is identical with the rise time (3.8 ± 0.2 ps) of
the tautomer, both of which are followed by a long population
decay that is measured to be 400 ps by TCSPC. According to the
coupling reaction kinetics31, mathematically, the ratio of pre-
exponential value for short versus long decay components of N*
is equivalent to equilibrium constant Keq between N* and T*,
which is defined as Keq= kpt / k−pt. This, together with kpt+ k−pt

= (3.9 ps)−1, kpt and k−pt are deduced to be (4.6 ps)−1 and
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Fig. 2 Analyses of ESIPT coupled excimer reaction through time-resolved emission measurements. a Time-correlated single photon counting measurement
of CF3-HTTH in solid state of pristine powder at room temperature. b Fluorescence up-conversion decay curves of CF3-HTTH in solid state of pristine
powder at room temperature. The data were acquired at λexc= 400 nm

Table 2 Steady-state and time-resolved photophysical properties of CF3-HTTH in solid state of pristine powder at room
temperature

Steady-state measurement Time-resolved measurement

λem [nm] Φf τobs [ps] (pre-exp. factor)a τpt [ps] τ-pt [ps] Keq ΔE* [kcal mol−1]b

N*: 460 0.27 3.9 (0.85), 386 (0.15), 1654 (0.04)c 4.6 26.0 5.7 −1.0
T*: 550 3.8 (−0.37), 386 (0.63), 1654 (0.17)c

E*: 600 386 (−0.41), 2430 (0.59)c

N normal emission, T tautomer (ESIPT) emission, E excimeric emission, τpt proton transfer time constant, τ−pt reverse proton-transfer time constant, Keq= τ−pt / τpt, equilibrium constant
aObserved emission lifetimes (τobs) by femtosecond fluorescence up-conversion
bEnergy differences (ΔE*= E*tautomer − E*normal) between the normal form and tautomer form species in the lowest excited state (S1)
cPopulation decay time constant was determined by subnanosecond time-correlated single photon counting system
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(26.0 ps)−1, respectively. In comparison to CF3-HTTH, the larger
Keq of CF3-MTTH (Table 2 and Supplementary Table 2)
contributes to the more population of its tautomer, rendering
dominant tautomeric emission and negligible excimeric emission.

To unravel the complex dynamics of CF3-HTTH, we further
perform time-resolved photoluminescence (TRPL) to visualize
the temporal evolution of the emission. The results shown in
Fig. 3 clearly indicate that at the normal excited state N*

populates to tautomeric state T* correlating to the 3.9 ps decay
at ~460 nm band (N*) and the consonant rise of the ~550 nm
band (T*). Afterwards, the system virtually reaches fast-
equilibrium within the first 10 ps owing to the relatively slow
dynamics of excimer formation (400 ps) (Fig. 3a, b). Subse-
quently, both N* (460 nm) and T* (550 nm) emissions decline,
accompanied by the increase of the 600 nm excimer emission
band (E*) with a ~400 ps time constant, which then gradually

decays within a time window of several nanoseconds. These
results clearly demonstrate the correlations of relaxation
dynamics among N*, T*, and excimer E*.

Simulation of the kinetic model of CF3-HTTH solid. Standing
on above dynamic data, we then propose a mechanism depicted
in Fig. 4, which incorporates a simultaneous ESIPT coupled
excimer reaction among N*, T* and E*. The feasibility of Fig. 4 is
then rigorously tested by the time-evolution simulation. Funda-
mentally, excimer formation cannot be directly from the tauto-
mer because none of ground-state tautomer is adjacent to the
excited tautomer. In addition, because similar excimer formation
is observed in CF3-MTTM where no ESIPT takes place, the
possibility of exciplex formation via an excited tautomer and a
ground-state normal species can be discarded as well.
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Accordingly, the relaxation dynamics of each excited species can
be expressed as follows.

dN�

dt
¼ �ðkN þ kpt þ kexmÞ ´N�ðtÞ þ k�pt ´T

�ðtÞ; ð3Þ

dT�

dt
¼ �ðkT þ k�ptÞ � T�ðtÞ þ kpt � N�ðtÞ; ð4Þ

dE�

dt
¼ �kE � E�ðtÞ þ kexm � N�ðtÞ: ð5Þ

We then performed a computer simulation based on the kinetic
Eqs. (3–5) and obtained the best fit to the experimental data listed
in Table 2. To carry out the simulation, we utilize the results
of the time-resolved measurements as the initial values for
CF3-HTTH, for which (4.6 ps)−1, (26.0 ps)−1, (400, ps)−1 and
(2.4 ns)−1 are chosen for kpt, k−pt, kexm and kE, while kN, and kT
are taken to be (2.8 ns)−1 from the values of CF3-MTTH (Sup-
plementary Table 2). We firstly attempt to fit the experimental
curve obtained for E*. This is simply because E* does not involve
the associated kinetics on the surface that may cause interference.
After varying kexm, kN, and kT to perform the best fit to the time-
evolution curve of E*, the result is presented in Fig. 5a. The good
match between the fitting curve and experimental results supports
the validity of this approach. As a result, the best fitted kinetic
parameters and the simulated time-resolved N(t)*, T(t)* and E(t)*

are shown in Eqs. (6–8) and the Fig. 5b, respectively, which match
well with the experimental results above (Fig. 2a).

N�ðtÞ ¼ 0:87 � e�t=3:7ps þ 0:13 � e�t=362ps ð6Þ

T�ðtÞ ¼ 0:82 � ðe�t=362ps � e�t=3:7psÞ; ð7Þ

E�ðtÞ ¼ 0:95 � e�t=2:4ns � 0:90 � e�t=362ps � 0:05 � e�t=3:7ps: ð8Þ

The forward (kpt) and reverse (k−pt) ESIPT are fitted to be (4.6 ps)−1

and (26 ps)−1, which together with other rate constants contribute to
an overall early population decay time of 3.7 ps for N* (Eqs. 12–15),
which is in good match with the observed decay time of the N* of
3.9 ps. Moreover, as shown in Fig. 5b, both N* and T* undergo a
population decay time constant of 362 ps that correlates with the rise
time of E* of 362 ps. These time constants are consonant with the
corresponding 400 ps time measured by TCSPC. Experimentally, the
observed time constant of 400 ps is the combination of kN, kT, kexm,
kpt and k−pt due to the reversibility of ESIPT reaction that links the
population of T*, N* and E* states together, leading to the same

population decay lifetime of T* and N* state and the congruent rise
lifetime of the E* state. The irreversible excimer formation from the
N* state to the E* state makes efficient population on E*, which then
undergoes a population decay time of 2.4 ns. This model proves that
incorporation of reversible picosecond ESIPT and subnanosecond
excimer formation dynamics is able to transfer the original popula-
tion of N* and T* to E* efficiently during the excited-state lifespan.

Morphology dependence and two-photon excitation micro-
scopy. In addition to time-resolved information, we then meti-
culously inspect the morphology and spatial dependent emission
spectra of CF3-HTTH, in a form of pristine powder (used for the
above measurements) and solid crystal. Importantly, the crystal of
CF3-HTTH possesses dominant portion of the excimer emission.
As we grind the crystal, the emission spectra become similar to
that of pristine powder (Fig. 6a), demonstrating a mechan-
ochromic property (Fig. 6b, c). Furthermore, as for the solid film
of CF3-HTTH prepared from the vapor deposition, no excimer
can be observed (Supplementary Figure 4). We thus assert that the
major cause of this phenomenon is the difference of morphology
among solid film, powder and crystal, which mediates the for-
mation of excimer for CF3-HTTH. In solid film, on the one hand,
CF3-HTTH molecules are more likely in random orientation,
which lack suitable stacking arrangement and distance to proceed
with excimer formation. On the other hand, CF3-HTTH in
powder has larger surface-to- volume ratio, in which the higher
surface energy and fewer neighbor molecules (cf. crystal) inhibit
the formation of excimer. As a result, both normal and tautomer
emission are enhanced on the surface of the powder samples.
What is more, by measuring the dynamics of film and grounded
samples, we found that the contribution of emission of 1.7 ns
decay in both powder and ground samples is greatly enhanced
(Supplementary Table 3), revealing the close relationship between
the dynamics of 1.7 ns decay component and surface properties.

We thus propose that the minor 1.7 ns components originate
from the solid surface where mainly ESIPT takes place. To prove our
hypothesis, we develop a methodology to study the luminescence
and photodynamics at different depths of a crystal. Taking
advantage of two-photon excitation microscopy, we are able to
measure both steady-state emission spectrum and lifetime distribu-
tion from surface to kernel of the CF3-HTTH crystal. The spatially
resulted emission spectra, shown in Fig. 7a, b, indicate that CF3-
HTTH molecules on the surface are inclined to form normal and
tautomeric states rather than generating excimer. As we focus the
800 nm two-photon excitation light beneath the surface by ~6 μm,
which is close to the kernel of the prepared crystal, the emission
spectrum is majorly dominant by excimer instead of normal and
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tautomer emission (Fig. 7b). The difference between Fig. 7a, b
reveals that surface of the crystal may disrupt the molecular packing
and hence hinders the excimer formation, whereas ESIPT is
intrinsic, and still takes place on the surface. If so, the emission
relaxation dynamics between surface and kernel of the crystal are
expected to be different, which should provide another crucial
evidence. The lifetime distribution of CF3-HTTH at crystal surface
and kernel, shown in Fig. 7c, d, respectively, does exhibit depth-
dependent multiple relaxation dynamics. The ~400 ps of 420 nm
and 520 nm and the ~2.4 ns decay of 600 nm are assigned to normal,
tautomeric, and excimeric population decay time constants,
respectively which is consistent with time-resolved data listed in
Table 2. Compared to that in kernel, crystal surface has significantly
more and narrower lifetime distribution at 1.5–1.7 ns (within
experimental fitting uncertainty), revealing that the emission
population decay in this timescale majorly takes place on the

surface. It is thus clear that the 1.7 ns decay component is assigned
to both normal and tautomeric population decay where only
equilibrium type ESIPT takes place on the surface31,36. To sum up,
the mechanochromic effect in our system arises from surface and
inner emission of crystal owing to distinct degree of packing, which
leads to multiple decay lifetimes.

Discussion
In this work, using CF3-HTTH as a prototype, we provide a
mechanism to pinpoint the ESIPT coupled excimer reaction and the
origin of mechanochromism. Steady-state emission spectra of CF3-
HTTH in solid state show three distinct bands consisting of con-
ventional, proton-transfer tautomer, and excimer emission covering
the panchromatic 420 nm to 750 nm region. The ratiometric of these
emission bands are strongly dependent on the solid morphology, as
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indicated by the dominant red excimer emission in crystal to the lack
of excimer emission in the solid film, and powder in between. Time-
resolved measurements, combined with simulations indicate a par-
allel kinetic model of ESIPT coupled excimer reaction. With the help
of two-photon excitation microscopy, the spatially and time-resolved
emission of the CF3-HTTH crystal leads us to conclude that the
excimer formation is prohibited on the surface due to large surface
energy and disfavored intermolecular orientation. Inside the crystal
kernel, proper orientation of neighbor molecules facilitates the for-
mation of excimer after fast equilibrium of ESIPT reaction.

We believe our system is not a sporadic case but may be gen-
eralized to other mechanochromic phenomena where multiple,
irregular relaxation dynamics in solid have been frequently
encountered42–45. The mechanochromic emission is conventionally
attributed to differentw π-π and/or other intermolecular interac-
tions induced by conformational change after applying mechanic
force44,45, while the role of surface-to- volume effect is rarely stu-
died. Owing to the rapid emergence of luminescence materials, it is
timely as well as urgent to gain fundamental insights into the
mechanism of photophysics in solids. Of particular interest is to
probe the origin of peculiar luminescence spectra that are com-
monly encountered in solid. Unfortunately, the emission from the
ensemble has received more attention and the distinction regarding
luminescence properties between surface and kernel of organic
solids is frequently ignored. In this study, we demonstrate the dif-
ference in photophysical properties between surface and kernel in
solid crystal and anticipate that this new insight may start to elu-
cidate the correlation among spatial dependent luminescent prop-
erties, mechanochromism, and aggregation-induced phenomena.

Methods
Synthesis and characterization. Dichloromethane (CH2Cl2) and N,N-dimethyl-
formamide (DMF) were distilled from appropriate drying agents prior to use.
Commercially available reagents were directly used without further purification. Flash
column chromatography was carried out using silica gel fromMerck (230–400 mesh).
Detailed synthesis are shown in Supplementary Methods. 1H NMR, 13C NMR and
19F NMR spectra were recorded on Varian Unity 400 at 400MHz, 100MHz and 376
MHz, respectively. High resolution mass spectra were recorded by Gas
Chromatograph-Mass Spectrometer (Finnigan MAT TSQ-46C GC/MS/MS/DS).
NMR spectra are available in Supplementary Figures 8–16. The X-ray diffraction
intensity data were collected at 293 K, 140 K or 133 K on a Rigaku RAXIS RAPID IP
imaging plate system with MoKα radiation (λ= 0.71073 Å). The crystal data and
structure refinement of the all compounds are provided in Supplementary Table 4–9.

Steady-state and time-resolved spectropic measurements. Steady-state
absorption and emission spectra were recorded by a Hitachi (U-3310) spectro-
photometer and an Edinburgh (FS920) fluorimeter, respectively. Detailed time-
resolved spectroscopic measurements were reported previously elsewhere46. In brief,
nanosecond time-resolved studies were performed by an Edinburgh FL 900 time-
correlated single photon-counting (TCSPC) system with a pulsed hydrogen-/or
nitrogen-filled lamp as the excitation light source. The data were fitted with sum of
exponential functions using the nonlinear least-squares procedure in combination
with the convolution method. Subnanosecond to nanosecond time-resolved studies
were used another TCSPC system (OB-900 L lifetime spectrometer, Edinburgh).
The excitation light source from the second-harmonic generation (SHG, 380 nm) of
pulse selected femtosecond laser pulses at 760 nm (Tsunami, Spectra-Physics). The
fluorescence was collected at a right angle with respect to the pump beam path and
passed through a polarizer, which setting the polarization at magic angle (54.7°) to
eliminate anisotropy. Similar data analysis and fitting procedures were applied. The
temporal resolution, after partial removal of the instrumental time broadening, was
∼20 ps. The femtosecond fluorescence up-conversion (FOG100, CDP) was utilized
to study ultrafast dynamics of the titled compounds. The excitation light source was
generated from from the second-harmonic generation (SHG, 380 nm) of pulse
selected femtosecond laser pulses at 760 nm. The cross correlation (instrument
response function) obtained from the Raman scattering signal showed a full width at
half-maximum (FWHM) of ~150 fs and therefore a temporal resolution of ~120 fs
after deconvolution could be obtained. The polarization of the excitation laser
pulses was set parallel, vertical, or at the magic angle (54.7°) by a λ/2 waveplate with
respect to the detection polarization direction for ultrafast anisotropic measure-
ment or anisotropy-free fluorescence decay. On the other hand, we used Zeiss LSM
710 (Zeiss, Germany) equipped with 80MHz fs mode-locked Ti:sapphire laser
(Mai-Tai DeepSee, Spectra-Physics) for the two-photon excitation microscopy. To
collect signals, we used Plan-Apochromat 63 × /1.4 oil immersion objective lens

(Zeiss, Germany). Single-photon counting board SPC-150, 16-channel spectral
detector PML-16-1-C and programmable pulse generator DDG-210 (Becker&Hickl
GmbH, Germany) were utilized to measure lifetime distribution of crystal. The
DDG-210 is triggered by the pixel clock of the LSM 710 and de-livers a laser
modulation signal of programmable width, which is fed back into the beam
blanking system of the microscope. The TCSPC data were analyzed by the
SPCImage 6.0 software (Becker & Hickl GmbH, Germany).

Kinetic simulation of CF3-HTTH in solid state. The simulation is performed by
Wolfram Mathematica 10.1. We choose the experimental data of CF3-HTTH in
solid state of pristine powder from the time-correlated single photon counting
(TCSPC) system (OB-900 L lifetime spectrometer, Edinburgh) with the excitation at
400 nm and monitored at 650 nm. We assume the kinetic model is followed by
Scheme 2. The rate equations of this model can be expressed as follows by Eqs. (2–
4). These equations can be numerically solved by given initial condition [N*](t)= 1,
[T*](t)= 0, [E*](t)= 0 at t= 0 and with fixed parameters: kpt, k−pt and kE equal to
(4.6 ps)−1, (26.0 ps)−1, (400, ps)−1 and (2.4 ns)−1 respectively kpt= 2 × 1012 sec−1

kpt= 2 × 1012 sec−1. We made the left parameters (kexm, kN, amplitude) be free to fit
the raw data with chosen kT taken to be (2.8 ns)−1 from the values of CF3-MTTH
(Supplementary Table 2). As we get the rate constants kexm and kN, we fix all rate
constants and keep the same initial value to solve the coupled equations analytically,
which shows the population evolution of N* and T* (Fig. 4). On the other hand, the
symbolic representation shows the origin of the observed lifetime exhibiting cou-
pling reaction of ESIPT and excimer formation (Eqs. 9–15).

N�ðtÞ ¼ A1 � e�λ1 t þ A2 � e�λ2 t ð9Þ

T�ðtÞ ¼ B � ðe�λ1 t � e�λ2 tÞ ð10Þ

E�ðtÞ ¼ C1 � e�λ1 t � C2 � e�λ2 t � C3 � e�λ3 t ð11Þ

λ1 ¼
1
2

ktot �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2tot � 4ðkT þ k�ptÞ kN þ kexmð Þ þ kptkT
q� �

ð12Þ

λ2 ¼
1
2

ktot þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2tot � 4ðkT þ k�ptÞ kN þ kexmð Þ þ kptkT
q� �

ð13Þ

λ3 ¼ kE ð14Þ

ktot ¼ kN þ kexmþ kT þ k�ptþ kpt: ð15Þ

Data Availability
The data that support the findings of this study are available from the corre-
sponding author on reasonable request. The X-ray crystallographic coordinates for
the compounds reported in this article has been deposited at the Cambridge
Crystallographic Data Centre (CCDC) under deposition number CCDC 1864267
(CF3-HTTH), 1864268 (CF3-MTTH), 1864269 (CF3-MTTM), 1487475 (F-
HTTH), 1062845 (HTTH), 1864270 (m-HTTH). These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
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