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We report the design and synthesis of indanone derivatives 1-4
with RR’N-H.--O=—C intramolecular hydrogen bonds, in which
ESIPT takes place and its dynamics and thermodynamics correlate
with H-bond strength, facilitated by electron-withdrawing R’
groups. Compound 4 (R’ = COCF;z) shows mechanically induced
ESIPT for the first time, where —CF3- - -HN— interaction plays a key
role in the non-centrosymmetric crystal packing.

Proton transfer is one of the chemistry core reactions, among
which excited-state intramolecular proton transfer (ESIPT) has
garnered considerable attention in both fundamental investi-
gation and applications.”™ ESIPT relies on the excited-state
electronic coupling between the reactants (normal state) and
products (proton-transfer tautomer state) along an intra-
molecular hydrogen bond (H-bond). Therefore, fundamentally,
the H-bond strength must play a crucial role in ESIPT. In the
early days, most of the studied ESIPT compounds were categor-
ized as the case of a strong H-bond, and the electron coupling
matrix between normal and proton-transfer tautomer states
was large. Therefore, for most of the systems, ESIPT is virtually
barrierless and highly exergonic, for which proton transfer is
induced by those vibration modes that are associated with
changes of angle and/or distance of the H-bond. Since early
ESIPT systems commonly consist of the -OH group as the
proton donor, and carbonyl oxygen or nitrogen as the proton
acceptor, directly modifying the -OH site to adjust H-bond
strength is not feasible. Recently, the development of R'RN-H
(proton donor) type ESIPT offers greater flexibility and versati-
lity in molecular structure, allowing for direct tuning of H-bond
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strength. The acidity of secondary amines R'RNH, where R is
commonly denoted as the carbon element of the corresponding
moiety, while R’ can be functionalized with either an electron-
donating or electron-withdrawing group, provides a case in
point to fine-tune the H-bond strength. These R'RNH-
associated H-bond systems have demonstrated a wide range
of ESIPT dynamics and thermodynamics, spanning from ender-
gonic to equilibrium and exergonic types of reaction pattern,
and hence the establishment of correlation among H-bond
strength, ESIPT dynamics, and thermodynamics.* Accordingly,
the emission can be broadly tuned by altering the electronic
properties of R’. An example is given by a single-site amino
derivatization in 10-aminobenzo[/]quinoline, where the tauto-
mer emission can span from 590 nm to 770 nm. Recently, the
R'RN-H ESIPT system has been successfully applied in bio-
imaging and sensing.’

Herein, we report the strategic design and synthesis of a new
series of single-benzene type RR'N-H---O—C intramolecular
H-bond indanone derivatives 1-4 (Scheme 1) where R’ is
functionalized by electron-withdrawing groups. We applied
indanone as a new core structure, where the formation of a
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Scheme 1 The synthetic routes for compounds 1-4.
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six-membered ring H-bond is not in a hexagon whose interior
angles are all 120 degrees, to probe its influence on the RR'N-H
type ESIPT. Comprehensive spectroscopic and dynamic studies
support the correlation between H-bond strength and ESIPT
properties. In this study, in serendipity, we observed mechani-
cally induced ESIPT in compound 4. Previous studies have
indicated that the single benzene ESIPT systems would exhibit
mechanochromism in the crystalline states, where mechanical
deformation of the crystals can alter the spectral ratio between
normal and tautomeric forms by reducing intermolecular inter-
actions through specific molecular design.® However, in our
work, similar single benzene ESIPT frameworks do not display
this phenomenon in 1-3, whereas 4 exhibits a bright, promi-
nent tautomer emission maximized at 560 nm. This phenom-
enon is new and is attributed to the non-centrosymmetric
packing mode of compound 4, a feature absent in its analogs
1 (R’ = H), 2 (R’ = COCH3;), and 3 (R’ = tosyl), highlighting the
critical role of its unique packing mode (vide infra).

The synthetic routes of 2-4 are depicted in Scheme 1. Details
of the synthesis and characterization are elaborated in the ESL¥
In brief, the synthesis of compounds 2-4 was carried out by
mixing the commercially available starting material, 7-amino-
2,3-dihydro-1H-inden-1-one (1), with different reagents. Com-
pound 2 was obtained using acetic anhydride in CH,Cl,,
compound 4 using trifluoroacetic anhydride in CH,Cl,, and
compound 3 using 4-methylbenzenesulfonyl chloride in pyri-
dine. The mixtures were stirred for 3 hours, followed by solvent
vaporization and subsequent purification via silica gel column
chromatography. Detailed synthesis steps can be found in the
ESL¥ Also, the corresponding "H NMR and "*C NMR spectra are
presented in Fig. S1-S8 (ESIt). For all of 1-4, by slow evapora-
tion from the saturated CH,Cl, solution, colorless crystals
suitable for crystallographic studies could be obtained, and
the resulting X-ray data are presented and discussed below.

The molecular structure and the crystal packing alignment
of 1 and 4 are illustrated in Fig. 1, while those for 2 and 3 are
displayed in Fig. S9 of the ESL{ Since one might challenge the
hydrogen atom being artificially placed in the simulation of
X-ray structure, we used the N---O—C distance as a ruler to

Compound 1, space group: 14,/a
centrosymmetric

Compound 4, space group: P2,
non-centrosymmetric

Fig. 1 Crystal packing structures of 1 (left) and 4 (right) where 1 is in a
centrosymmetric arrangement (the inversion point is denoted by an
orange dot), and 4 is in a non-centrosymmetric arrangement.
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assess the H-bond distance and found that its distance is in the
order of 1 (2.9524(17) A) > 2 (2.830(2) A) > 3 (2.796(2) A) >
4 (2.779(6) A) (Fig. $10, ESIf). Additionally, the asymmetric
N-H stretching signals for compounds 1-4 are as follows:
1 (3426 em™") > 2 (3291 ecm™") > 3 (3175 cm™') >
4 (3165 cm™ ") (see Fig. S11-S14, ESIf). The results indirectly
reveal the increasing H-bond strength to be in the order of
1 < 2 < 3 < 4, consistent with the electron-withdrawing
strength being in the order of 1 (R’ = H) < 2 (R’ = COCH3) <
3 (R" = tosyl] < 4 (R’ = COCF;). Moreover, it is worth
noting that, as shown in the unit cell (see Fig. 1 and Fig. S9,
Table S1-S4, ESIf), 4 presents a non-centrosymmetric space
group of P24, while those of 1, 2 and 3 are centrosymmetric with
space groups of I4,/a, P24/n, and P1, respectively (vide infra).”
Careful examination indicates that compound 4 displays an
intermolecular CF;- - -H-NRR' distance of 2.92 A (Fig. 1), possi-
bly due to the weak static interaction, showing its distinction
from 1-3 in terms of the crystal structure (vide infra).

The steady-state absorption and emission spectra of 1-4 in
cyclohexane at room temperature are shown in Fig. 2, and
relevant data are listed in Table 1. All studied compounds
reveal similar electronic absorption features, where each shows
an intense absorption band with a maximum in the range from
316 to 337 nm. Because the highest occupied molecular orbital
(HOMO) of 1-4 is calculated to be all in the -H-NRR' proton
donor part (see Table S5 and Fig. S15, ESIt), replacing one of
the N-H protons in 1 by an electron-withdrawing group, form-
ing 2-4, would decrease the HOMO energy. Thus, the lowest-
lying absorption energy gap (HOMO-LUMO) is predicted to be
in the order of 1 < 2 < 3 < 4, consistent with the blue shift of
the absorption spectrum from 1 to 4 shown in Fig. 2.

The increase of electron-withdrawing R’ also increases the
N-H acidity and, hence, the H-bond strength, which essentially
affects the driving force and thermodynamics of ESIPT.**°
Upon photoexcitation, dual emission bands of 1, specified as F,
(380 nm) and F, (552 nm) bands, are clearly observed, in which
the F; band intensity is dominant. The excitation spectra
monitored at the two emission bands are nearly identical and
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Fig. 2 The absorption (dashed line) and emission (solid line) spectra of
1 (blue), 2 (red), 3 (black), and 4 (green) in cyclohexane at 295 K.
The excitation wavelengths are at the lowest-lying absorption band.
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Table 1 Photophysical properties of 1-4 in cyclohexane at 295 K
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Compound Aabs/NM Aem/nmM® QY. Texp/PS° (pre-exp. factor) Keq

1 257, 337 N*: 380° N*: 0.017° 400 nm: 3.14 (0.30), 2037 (0.70) 0.43
T*: 5527 T*: 0.002° 600 nm: 3.72 (—0.34), 2037 (0.66)

2 270, 323 N*: 371¢ N*: 0.001° 400 nm: 1.84 (0.63), 3007 (0.37), 23577 1.70
T*: 5597 T*: 0.004° 600 nm: 2.31 (—0.31), 300 (0.69), 2357¢

3 265, 321 573 0.028 400 nm: 0.51 (0.98) —

600 nm: 0.60 (—0.52), 2081 (0.38)
4 261, 316 543 0.086 400 nm: 0.31 (0.99) —

600 nm: 0.44 (—0.50), 6324 (0.50)

“ N* denotes the normal form, T* denotes the tautomer form. ? Q.Y. represents the quantum yield. ¢ Rise time obtained by fluorescence up-
conversion. ¢ Population decay time constant was applied for the fitting by sub-nanosecond TCSPC.

superimpose with the absorption spectra, corroborating the
same ground-state origin of the two emission bands. The F,
and F, emission bands are thus reasonably attributed to the
normal and proton-transfer tautomer emissions, respectively.*
Dual emission is also observed for 2 maximized at 373 nm (F,)
and 550 nm (F,). In comparison to 1, the F, band becomes
dominant (Fig. 2). 2 (R’ = COCHj;) has a stronger electron
withdrawing group and hence a stronger H-bond than 1
(R’ = H). Therefore, despite both undergoing an equilibrium
type of ESIPT (vide infra), the excited-state equilibrium is in
favor of tautomer in 2, rationalizing its major F, band. Fur-
ther enhancing the electron-withdrawing ability of RR'NH,
3 (R’ = tosyl) and 4 (R’ = COCF;) exhibit exclusively the F,
tautomer emission maximized at 573 and 543 nm, respectively,
indicating a fast and highly exergonic type ESIPT for 3 and 4.
This viewpoint is supported, in a qualitative manner, by the
calculation of the energy difference in the lowest lying excited
state (singlet manifold) between normal (S,) and tautomer ()
states (see Table S5, ESIt). The steady-state results thus pave a
facile way to fine-tune the ratiometric emission between the
normal and tautomer forms in 1-4.

To gain further insight into the ESIPT dynamics, time-
resolved measurements were carried out. Fig. 3a and b show
the early relaxation dynamics of emissions for representatives 1
and 4 using the femtosecond fluorescence up-conversion tech-
nique, while the inset shows the population decays acquired by
the time-correlated single photon counting (TCSPC) measure-
ment (see ESIf for experimental details). All pertinent

(a)

time-resolved data for 1-4 are listed in Table 1. For 1, shown
in Fig. 3a, the early relaxation dynamics monitored at e.g,
400 nm (the F; band) exhibit a fast decay component of
approximately 3.1 ps, accompanied by a rather slow population
decay component, remaining nearly constant throughout the
acquisition window of 20 ps; the latter is further resolved to be
203 ps by TCSPC (see inset). On the other hand, the tautomer
emission (F,) monitored at 600 nm shows an approximately
3.7 ps rise component and a 203 ps population decay time
(see inset of Fig. 3a). The rise of the F, band is equal to the
decay time constant of the F; band, while both the F; and F,
population decay time constants are identical. The results thus
show an equilibrium type of ESIPT pattern for 1, and the
equilibrium constant (K.q) can be derived from the corres-
ponding kinetic expression shown in the ESI,t* giving a value
of 0.43. One may be sceptical as to why this ratio is different
from the observed steady-state emission ratio shown in Fig. 2.
This is mainly due to the unknown radiative decay rate &, for
both normal and tautomer emissions. According to the much
smaller steady-state F,/F; ratio shown in Fig. 2 (c¢f. Keq = 0.43), k;
for F; must be much larger than that of F,. Fig. 3b depicts the
time-dependent results of 4. Upon monitoring at 400 nm where
the steady-state emission of 4 is negligible (Fig. 2), a fast decay
component is resolved with a time constant of ~200 fs close to
the limit of system response time, which correlates well with
the system-limited rise time monitored at 600 nm tautomer
emission (Fig. 3b). It is worth noting that when monitored at
400 nm, we detected a gradual growth of the component with a

(b)
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Fig. 3 Fluorescence up-conversion lifetimes for (a) 1 and (b) 4 in cyclohexane. The data points (blue and red) were obtained by monitoring with the
emission wavelengths at 400, 600 nm, and IRF (black line). Lines depict the best exponential fits. Inset: Pico-nanosecond time-resolved decays recorded
for 1 monitored at 400 nm (blue line), 600 nm (red line), and IRF (black line) (ex = 300 nm).
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Fig. 4 (a) Emission spectra of compound 4, showcasing photolumines-
cence in cyclohexane (1 x 107> M, red line) and in powder form (blue line),
as well as TL in crystal form (black line). (b) Compound 4 under ambient
light and (c) under UV irradiation at 365 nm. (d) TL image of the compound
4 crystal ground in a sample vial using a spatula. (e) Schematic diagram of
TL corresponding to (d).

decay around 2.5-10 ps. For 3 and 4 with strong electron
withdrawing groups, they are labile to the photolysis during
the up-conversion experiment, resulting in an artifact signal.
This conclusion is supported by steady-state spectra, where
exposure of the sample to a 300 nm Xe lamp (<1 mW) for
< 10 minutes clearly shows the formation of impurities that
exhibit emission around 400 nm (see Fig. S16, ESIt for 3 and 4).
Nevertheless, 3 (Fig. S17, ESIf) and 4 undergo a population
decay of 2.0 ns and 632 ps, respectively, at 600 nm. The results
thus support the ultrafast, highly exergonic ESIPT in 3 and 4,
manifesting their stronger H-bonds among 1-4, resulting in
solely 600 nm tautomer emission.

During the spectroscopic measurements, in serendipity, we
discovered that 4 revealed prominent triboluminescence (TL)
upon slightly scratching or grinding the crystal (Fig. 4). The
emission resembles steady-state emission of 4 in solution as
well as in a powder (polycrystalline). The lack of any normal
emission indicates that TL originates from proton-transfer
emission. TL, in theory, is initiated by a piezoelectric-like effect.
A piezoelectric crystal is known to accumulate charges on the
crack surfaces.” When these crystals are mechanically stressed,
charge separation (or electric polarization) occurs due to the
piezoelectric effect, creating an electric field strong enough to
cause electrons to accelerate and consequently bombard the
material itself or nearby molecules. This electron bombard-
ment excites the molecules, causing them to emit light as they
return to their ground state, with specific wavelengths depend-
ing on the nature of the electronic transitions involved."
Previous research has demonstrated that permanent dipolar
structures and non-centrosymmetric crystal arrangements are
equally crucial for displaying TL."*"*® As shown in Fig. 1 and
Fig. S9 (ESIT), the crystal structures of 1-3 are in the centrosym-
metric arrangement (the inversion point is denoted by an
orange dot), while 4 is apparently non-centrosymmetric
(Fig. 1). Note that non-centrosymmetry is a necessary condition
for TL."" This result explains why TL is not observed in 1-3.
According to the X-ray analysis, the CF; functional group
in 4 plays a role in its distinct intermolecular arrangement
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compared with that of 1-3, where the fluorine atom in CF; of
the RR'N-H group forms an H-bond-like static interaction with
the RR'N-H proton of its adjacent moiety (vide supra), resulting
in a parallel head-to-head (or parallel tail-to-tail) packing. In
other words, physically, they cannot be in a centrosymmetric
arrangement. Conversely, the rest of compounds 1-3 undergo
parallel head-to-tail arrangement and hence centrosymmetric
packing. This, together with the intrinsic polar feature for 4,
meets the criteria necessary for the occurrence of TL. To our
knowledge, this is, for the first time, the observation of
mechanic force induced ESIPT, resulting in proton-transfer
TL. The slightly different emission spectral features between
TL and steady-state emission in the crystal (Fig. 4) is because
the origin of TL is from the surface where the electric polarized
field is created, while the steady-state emission is from both the
surface and interior of the crystal.

In summatry, through the strategic design and synthesis of a
series of 7-amino-2,3-dihydro-1H-inden-1-one (RR'N-H- - -O—C)-type
intramolecular H-bond derivatives, we have elucidated the spectro-
scopy and dynamics of N-H type ESIPT. We reaffirm the previously
reported correlation among H-bond strength,” ESIPT dynamics, and
thermodynamics, stating that the stronger the H-bond strength is,
the more exergonic as well as faster ESIPT is. Accordingly, ESIPT is
under thermal equilibrium between normal and tautomer in 1 and
2, while it is highly exergonic in 3 and 4. Among 1-4, compound 4
exhibits remarkable TL properties, which is attributed to its unique
crystal structure with a polar non-centrosymmetric arrangement.
This, together with the piezoelectric effect, provides the first demon-
stration of mechanically induced ESIPT.
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