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ABSTRACT: A series of new amino (NH)-type hydrogen-bonding
(H-bonding) compounds comprising 2-(2’-aminophenyl)-
benzothiazole and its extensive derivatives were designed and
synthesized. Unlike in the hydroxyl (OH)-type H-bonding systems,
one of the amino hydrogens can be replaced with electron-
donating/withdrawing groups. This, together with a versatile
capability for modifying the parent moiety, makes feasible the
comprehensive spectroscopy and dynamics studies of amino-type
excited-state intramolecular proton transfer (ESIPT), which was
previously inaccessible in the hydroxyl-type ESIPT systems.
Empirical correlations were observed among the hydrogen-bonding
strength (the N—H bond distances and proton acidity), ESIPT
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kinetics, and thermodynamics, demonstrating a trend that the stronger N—H---N hydrogen bond leads to a faster ESIPT, as
experimentally observed, and a more exergonic reaction thermodynamics. Accordingly, ESIPT reaction can be harnessed for the
first time from a highly endergonic type (i.e., prohibition) toward equilibrium with a measurable ESIPT rate and then to the
highly exergonic, ultrafast ESIPT reaction within the same series of amino-type intramolecular H-bond system.

E xcited-state intramolecular proton transfer (ESIPT)
reaction has been receiving considerable attention. In
sharp contrast to the multitude of papers reporting hydroxyl-
type ESIPT," > a search of the literature indicates that only a
few reports have dealt with amino-type ESIPT using primary
amines as proton donors.*”'> The scarcity of relevant reports is
due to the much weaker intramolecular hydrogen bond (H-
bond) associated with the amino N—H proton (cf. the O—H
type H-bond). In the electronic ground state, the amino proton
(as in aniline) has much weaker acidity (pK, > 30)" than the
hydroxyl proton in, for example, phenol (pK, ~ 10)."* A similar
acidity trend is expected in the electronically excited state;
therefore, ESIPT rarely takes place in N—H H-bonding systems
unless the acidity of the N—H proton can be enhanced via
suitable chemical modification. This has been done mostly by
replacing one of the N—H protons with an electron-
withdrawing tosyl (Ts) group or an acetyl (Ac) group, forming
Ts—N—H or Ac—N—H, to increase the N—H acidity.” "> The
prerequisites of such chemical modification are not trivial and
thus have not received much attention from physical chemists
and/or spectroscopists. As a result, most of the relevant works
to date have been reported by synthetic and material chemists
focusing on the synthetic routes, the corresponding steady-state
absorption/emission spectra, and the population lifetime,
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whereas in-depth insights into the dynamics of N—H ESIPT
unfortunately are still lacking.

The similarities and differences in the ESIPT mechanism
between N—H and O—H H-bonding systems are apparently a
key fundamental issue. While O—H cannot undergo any further
chemical modification, the versatility of the —N(R)—H group,
where R can be endowed with various functionalities, may
provide unprecedented opportunities for harnessing the ESIPT
in terms of dynamics and/or thermodynamics and eventually
the modulation of ratiometric (normal versus proton-transfer)
emission, which could shed light on fundamental and
corresponding applications.

Molecules such as 2-(2'-hydroxyphenyl)benzimidazole
(HBI),”™'® 2-(2’-hydroxyphenyl)benzoxazole (HBO),'*~*
and 2-(2'-hydroxyphenyl)benzothiazole (HBT)**™>* with
benzazole scaffolds have been extensively investigated for the
O—H-type ESIPT. For a direct and fair comparison, we thus
adopted the benzazole moiety as the H-bond acceptor in the
design of our system for the study of N—H-type ESIPT.
Because benzimidazole (two nitrogen atoms) and benzoxazole
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Scheme 1. Synthetic Routes for the Titled Compounds in This Study
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(one nitrogen atom and one oxygen atom) moieties provide
two H-bond acceptors that complicate the proton-transfer
behavior, we thus simplified the situation by choosing
benzothiazole as the moiety (see Scheme 1).

Herein, we report the synthesis and comprehensive photo-
physical studies of a new series of amino-type intramolecular H-
bonding systems bearing the benzothiazole chromophore. In
this study, the —R group in —N(R)—H has been strategically
modified from a strong electron-withdrawing group (e.g., Ts)
to a weak electron-withdrawing Ac group and then to the alkyl
electron-donating group. This, together with rationally tuning
the electron-withdrawing/donating strength of the substituent
on the benzene moiety of aniline (see Scheme 1), generates a
family of N—H-type intramolecular H-bond compounds that
cover a broad range of H-bond strength.

Compared with the ultrafast rate of O—H-type ESIPT, the
relatively slow amino N—H ESIPT and the versatility of
chemical derivation for the first time offer the advantage of
probing correlation among N(R)—H bond distances and
proton acidity, ESIPT dynamics, and even thermodynamics.
Consequently, it has become feasible to harness ESIPT and
hence ratiometric emission for normal versus proton-transfer
tautomer fluorescence. Elaborated in the following are details of
the synthetic strategy and methodology, substituent effects on
the steady-state to femtosecond spectroscopy/dynamics of the
ESIPT reaction, and the associated ESIPT—structure relation-
ship.

Synthesis and Characterizations. The parent compound 2-(2'-
aminophenyl)benzothiazole (PBT-NH,) and its derivatives, 2-
(2'-tosylaminophenyl)benzothiazole (PBT-NHTs), 2-(2'-
acetylaminophenyl)benzothiazole (PBT-NHAc), 2-(2'-
methylaminophenyl)benzothiazole (PBT-NHMe), 2-(5'-
cyano-2’-aminophenyl)benzothiazole (CN-PBT-NH,), 2-(5’-
cyano-2'-tosylaminophenyl)benzothiazole (CN-PBT-NHTs),
2-(§'-cyano-2’-methylaminophenyl)benzothiazole (CN-PBT-
NHMe), and 2-(5'-amino-2’-tosylaminophenyl)benzothiazole
(NH,-PBT-NHTs), were synthesized. The synthetic routes for
these compounds are depicted in Scheme 1. Detailed synthesis
and characterizations are provided in the Supporting

1478

Information (SI). The N—H deuterated CN-PBT-NHMe,
CN-PBT-NH,, and PBT-NHAc, namely, CN-PBT-NDMe,
CN-PBT-ND,, and PBT-NDAc, were prepared by dissolving
the N—H samples in methanol-d (CH;0D), followed by
solvent evaporation. This procedure was repeated more than
three times until the deuterated content was >95% monitored
by 'H NMR.

Spectroscopic Measurements. Steady-state absorption spectra
were recorded using a Hitachi U-3310 spectrophotometer, and
emission spectra were obtained using an Edinburgh FS920
fluorometer. Detailed time-resolved sgectroscoplc measure-
ments have been reported previously.”® In brief, nanosecond
time-resolved experiments were performed by using an
Edinburgh FLS920 time-correlated single photon-counting
(TCSPC) system with a pulsed hydrogen-filled lamp as the
excitation source. Data were fitted with the sum of exponential
functions using a nonlinear least-squares procedure in
combination with a convolution method.

Subnanosecond to nanosecond time-resolved studies were
performed using another TCSPC system (OB-900 L lifetime
spectrometer, Edinburgh) with an excitation light source from
the second-harmonic generation (SHG, 360 nm) of pulse-
selected femtosecond laser pulses at 720 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 was located in front of the detector. The
polarization was set at a magic angle (54.7°) with respect to the
pump polarization direction to eliminate anisotropy. Similar
data analysis and fitting procedures were applied. The temporal
resolution, after partial removal of the instrumental time
broadening, was ~50 ps.

Ultrafast spectroscopic study of the titled compounds was
performed by a femtosecond photoluminescence up-conversion
(uPL) system pumped at 400 nm (for PBT-NH,, PBT-NHMe,
CN-PBT-NH,, and CN-PBT-NHMe) and at 360 nm (for
PBT-NHTs, CN-PBT-NHTs, NH,-PBT-NHTs, and PBT-
NHAc). The femtosecond oscillator (Tsunami, Spectra-
Physics) mentioned in the previous paragraph was used with
the central output wavelength at 800 or 720 nm. In this
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measurement, fluorescence from a rotating sample cell was
focused in a BBO crystal, and its frequency was summed along
with an interrogation gate pulse at a designated delay time with
respect to the pump pulse. A half-wave plate was used to set the
pump polarization at a magic angle (54.7°) with respect to the
gate pulse to prevent the fluorescence anisotropy contributed
by solute reorientation. Fluorescence up-conversion data were
fitted to the sum of exponential functions convoluted with the
instrument response function (IRF). The IRF was determined
from the Raman scattering signal, and its profile was fitted to a
Gaussian function with a full width at half-maximum of ~150 fs.

Computational Methodology. The geometries of the singlet
ground states were optimized by the density functional theory
(DFT) method, and the excited-state structures and related
optical properties of all molecules were calculated with time-
dependent density functional theory (TDDFT) methodology
with a B3LYP hybrid function in combination with a polarizable
continuum model (PCM) in CH,Cl,. The 6-311+G(d,p) basis
set was employed for all atoms.

The lowest singlet (S;) excited-state geometries were also
optimized by configuration-interaction singles (CIS) theory.
Single-point excited-state energies were also calculated using
the TD-CAM-B3LYP theory with a 6-311+G(d,p) basis set
under the structures optimized at the CIS/6-311+G(d,p) level.
All calculations were carried out using the Gaussian 09
program.””

Synthesis. Although PBT-NH, can be prepared from
anthranilic acid according to reported procedures,28 it is more
straightforward and hence efficient to use isatoic anhydride and
2-aminothiophenol under ZnCl, catalysis (see Scheme 1 and
the SI). To tune the proton acidity on the amino group,
electron-withdrawing or -donating groups (Ts, Ac, or Me) are
introduced onto the amino nitrogen. The prototype PBT-NH,
is transformed into the sulfonamide compound PBT-NHTs by
reacting with tosyl chloride (TsCl) in pyridine. Ts is a strong
electron-withdrawing group that further lowers the electron
density on the N atom, as evidenced by the chemical shift of
the sulfonamide proton in PBT-NHTs, which is shifted greatly
downfield to 12.20 ppm, as compared to 6.38 ppm for the
amino proton in PBT-NH,. Synthesis of the methylated
compound PBT-NHMe could be achieved through two
pathways. The first option is to allow PBT-NH, to react
directly with methyl iodide. However, instead of PBT-NHMe,
we found the major product to be an N,N’-dimethylated
compound. To solve this problem, we then used an alternative
route starting from isatoic anhydride. The first step was N-
methylation, giving N-methylisatoic anhydride with a high yield
of 91%. The intermediate was then allowed to react with 2-
aminothiophenol under a ZnCl,-catalyzed condensation
condition to give PBT-NHMe with a reasonable yield (54%).
The third variation on the amino group is the introduction of
an Ac group, which is expected to be a weaker electron-
withdrawing group as compared to Ts. As a result, PBT-NHAc
was obtained in a high yield (96%) through acetylation of PBT-
NH,.

In addition to the modifications on the amino group, we also
functionalized the benzene moiety of aniline to further tune the
proton-donating ability. Accordingly, an electron-withdrawing
cyano group was introduced via an aromatic para-bromination
of PBT-NH,, followed by copper-assisted cyanation in N,N-
dimethylacetamide (DMAc). The desired product CN-PBT-
NH, could be obtained, but the yield was not satisfactory.
Alternatively, the yield of cyanation can be improved by starting
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with an jodo- intermediate instead of the bromo- intermediate.
The iodo- intermediate I-PBT-NH, was prepared from PBT-
NH, by using a mixture of KI and NalO, to provide the
reactive iodonium cation for iodination. Similar iodination and
cyanation procedures led to the successful synthesis of CN-
PBT-NHMe from PBT-NHMe. Sulfonamide CN-PBT-NHTs
could be obtained by allowing CN-PBT-NH, to react with
TsCl following the same method described above for PBT-
NHTs. Finally, the para-amino compound NH,-PBT-NHTs
was prepared from PBT-NHTs via nitration, followed by
reduction.

Steady-State Spectroscopy. The electronic absorption spectra
and steady-state emission spectra for the titled compounds in
dichloromethane at room temperature are shown in Figure 1,
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Figure 1. Normalized steady-state absorption spectra (dotted lines)
and emission spectra (solid lines) for the titled compounds in CH,Cl,
at room temperature.

and pertinent data are presented in Table 1. Similar results were
observed in cyclohexane and n-hexane. However, the sparse
solubility of these compounds in nonpolar solvents makes
further femtosecond fluorescence up-conversion measurements
infeasible. Therefore, dichloromethane was used as the solvent
throughout the spectroscopic studies unless otherwise specified.
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Table 1. Observed Steady-State Absorption/Emission Peak Wavelengths (4,,,) and Molar Absorptivities (¢) Recorded in
CH,Cl, at Room Temperature, Computed Absorption/Emission Wavelengths and Oscillator Strengths (f) of the First Singlet
Excitation/Relaxation in Their Normal or Tautomer Forms, and Observed/Computed Corresponding Energy Differences (AE*

= E*uiomer — E¥normal) Detween the Normal Form and Tautomer Form Species in the Lowest Excited State (S;) for the Titled
Compounds
observed A,/nm computed A,/nm  observed A.,/nm  computed A.,/nm
compound (e/M! em™) (®,.,) observed AE*/kcal-mol™ computed AE*/kcal-mol™"
PBT-NHMe 392 (16600) 391 (0.3955) 458 (3.50%) 431 (0.3706) 7.8
PBT-NH, 366 (14400) 369 (0.4094) 431 (1.60%) 409 (0.4087) 5.66
CN-PBT- 393 (15700) 381 (0.3965) 436 (0.69%) 421 (0.4073) 0.14 4.09
NHMe
623 (0.15%) 563 (0.2801)
CN-PBT-NH, 363 (13900) 364 (0.4302) 419 (0.50%) 402 (0.4844) -1.07 2.60
588 (0.50%) 529 (0.3074)
PBT-NHAc 335 (17900) 347 (0.4906) 395 (0.03%) 393 (0.5463) ~1.53 123
565 (0.16%) 618 (0.0013)
NH,-PBT- 362 (9400) 391 (0.1586) 649 (0.42%) 645 (0.2338) -122
NHTs
PBT-NHTs 330 (14700) 339 (0.4312) 555 (0.86%) 524 (0.2748) ~6.16
CN-PBT- 336 (14500) 343 (0.4325) 540 (7.70%) 519 (0.2695) 727
NHTs
All compounds have similar electronic absorption features, of the substituents on the amino group, which consequently

consisting of an intense band peaked in the UV (from 330 to
393 nm) with a molar absorptivity (&) ranging from 9400 to
17900 M~ cm™, which is ascribed to the typical 7—x*
transitions. The emission spectrum of PBT-NH, (Figure la)
shows a band centered at 431 nm with an emission quantum
yield (®,,,) of 1.60%. The emission spectrum is a mirror image
of the absorption spectrum with a small Stokes shift, defined as
the difference between the lowest-lying absorption peak and the
emission peak in terms of wavenumber, of <4000 cm™. Both
spectral features suggest that the emission is quite normal, that
is, an emission from the relaxed Franck—Condon excited state
with no ESIPT taking place. To facilitate proton ESIPT, we
then prepared PBT-NHTs by adding a T's group to replace one
of the amino protons, forming PBT-NHTs. The blue-shifted
absorption of PBT-NHTs (A, = 330 nm, Figure 1b) from
PBT-NH, can be attributed to the electron-withdrawing Ts
group, which further lowers the HOMO energy (vide infra). As
shown in Figure 1b, the emission spectrum of PBT-NHTs
maximized at 555 nm features an anomalously large Stokes shift
of ~12000 cm™'. This, together with a large separation of
spectral onset between absorption and emission unambiguously
indicates the occurrence of ESIPT, resulting in a proton-
transfer tautomer emission at 555 nm.

When Ts in PBT-NHTs was replaced with a weaker
electron-withdrawing Ac group, forming PBT-NHAc, ESIPT
seemed to be retarded, as evidenced by the observation of both
normal and tautomer emissions, maximized at 395 and 565 nm,
respectively (Figure 1lc). We then further introduced an
electron-donating methyl group to the amino nitrogen, forming
PBT-NHMe. The spectrum of PBT-NHMe showed a red shift
in the absorption peak wavelength (4,,, = 392 nm, Figure 1d)
with respect to the parent compound PBT-NH, (Figure 1a).
Supported by the later computational approach, this can be
rationalized by lifting of the HOMO energy via increasing the
electron density from the methyl group. As expected, only one
band was present for PBT-NHMe (4., = 458 nm) with a
normal Stokes shift of <3500 cm™!, indicating the prohibition
of ESIPT. The results on PBT-NH,, PBT-NHAc, and PBT-
NHTSs thus drew our attention because the amino proton-
donating strength seemed to be altered by the electronic nature
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affected the driving force of ESIPT.

We then exploited the same tactics and further expanded the
scope of the investigation to different substituent domains of
the molecules in influencing the corresponding ESIPT
properties. Accordingly, instead of modifying the amino
nitrogen, we added an electron-withdrawing cyano group on
the benzene ring at the para position with respect to the amino
group, yielding CN-PBT-NH, (see Scheme 1 and Figure la).
The introduction of the cyano group did not have a noticeable
effect on the absorption as compared to PBT-NH, and CN-
PBT-NH, (Figure 1a). However, in stark contrast to the single
normal emission band (431 nm) in PBT-NH,, the emission
spectrum of CN-PBT-NH, consists of two distinctly separated
emission bands with peaks at 419 and 588 nm in CH,Cl,,
which are ascribed to normal and proton-transfer tautomer
emission, respectively. Such a tuning from non-ESIPT (PBT-
NH,) to ESIPT (CN-PBT-NH,) grants us new control over
the ESIPT reaction.

Subsequently, upon modifying both the para position on the
benzene ring and the amino nitrogen by adding —CN and —Ts,
respectively, to form CN-PBT-NHTs, we would expect a full
proton transfer because both electron-withdrawing —CN and
—Ts groups show positive effects on ESIPT. As a result, the
emission spectrum of CN-PBT-NHTs (Figure 1b) agreed well
with the prediction, showing solely the proton-transfer
tautomer emission with a peak wavelength at 540 nm. In
light of this trend, it is interesting to examine the ESIPT
property upon the addition of the para-cyano group to the non-
ESIPT molecule PBT-NHMe, which possesses the weakest
amino proton-donating strength. The resulting CN-PBT-
NHMe exhibits a distinct tautomer emission at 623 nm in
addition to the 436 nm normal emission (Figure 1d), proving
that the electron-withdrawing group again helps to facilitate
ESIPT for CN-PBT-NHTs, as opposed to the strictly non-
proton-transfer molecule PBT-NHMe.

Finally, compound NH,-PBT-NHTSs was also synthesized. In
this compound, an electron-donating amino group was added
at the para position with respect to the —NHTSs site of PBT-
NHTs, with the aim of examining whether proton transfer
could be slowed from the otherwise full ESIPT in PBT-NHTs.

DOI: 10.1021/acs jpclett.5b00423
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Unfortunately, similar to that of PBT-NHTs, NH,-PBT-NHTs
shows solely the tautomer emission (Figure lc). From the
viewpoint of chemistry, qualitatively, the result implies that the
electron-donating strength of the para-amino group is not
strong enough to compete with the electron-withdrawing
power of the Ts group. Further firm support of the above
steady-state spectroscopy, that is, the intensity ratio for the
normal versus tautomer emission, is provided in the time-
resolved emission kinetics elaborated below.

Time-Resolved Emission Kinetics. Fluorescence up-conversion
and TCSPC techniques (see the experimental details) were
then used in probing the excited-state dynamics of the titled
compounds. On the one hand, for PBT-NHTs, CN-PBT-
NHTs, and NH,-PBT-NHTs showing exclusively proton-
transfer tautomer emission, the fluorescence lifetimes were
obtained and are listed in Table 2. The population decay

Table 2. Observed Emission Lifetimes (z,,,) for the Proton-
Transfer Compounds in CH,Cl, at Room Temperature

compound Amonitor/ M Tgps by uPL (pre-exp. factor)

PBT-NHTSs 580 712 psa
CN-PBT-NHTs 580 4.17 ns®
NH,-PBT-NHTs 600 3.9 ps
CN-PBT-NHMe 460 2.31 ps (0.44)

43.0 ps (0.56)

620 2.10 ps (—0.39)°

43.8 ps (0.61)

CN-PBT-NH, 460 5.25 ps (0.86)

68.0 ps (0.14)
620 5.20 ps (—0.46)°
64.0 ps (0.54)
0.39 ps (0.93)
33.7 ps (0.07)
600 041 ps (—0.44)°

35.3 ps (0.56)

PBT-NHAc 430

PBT-NH, 460 12.6 ps (0.26)
52.8 ps (0.74)
PBT-NHMe 480 22.0 ps (0.32)

288 ps (0.68)
“The lifetime was measured using a TCSPC system with femtosecond
excitation pulses. “Lifetime measured using a TCSPC system with a
pulsed hydrogen-filled lamp as the excitation source. “Rise kinetics.

kinetics recorded using TCSPC and the early emission kinetics
acquired by the uPL technique are revealed in Figure 2a for the
representative compound PBT-NHTs. Apparently, the rise
time of the proton-transfer tautomer emission was irresolvable
(Figure 2a inset), indicating that the ESIPT rate was ultrafast
and beyond our IRF (~150 fs). Similar system-response-limited
ESIPT kinetics were observed for CN-PBT-NHTs and NH,-
PBT-NHTs. On the other hand, for the presence of dual
emissions in CN-PBT-NHMe, CN-PBT-NH,, and PBT-
NHAc, detailed analyses revealed the coexistence of normal
and tautomer forms in their excited state and under
equilibrium. Representative emission kinetic traces for CN-
PBT-NHMe in CH,Cl, are presented in Figure 2b. For PBT-
NH, and PBT-NHMe that do not show proton transfer, both
their normal form emissions decay biexponentially. This is
likely due to the coexistence of the species with and without the
intramolecular H-bond.

For CN-PBT-NHMe in CH,Cl,, the normal form emission
monitored at 460 nm decays biexponentially with lifetimes of
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Figure 2. (a) Population decay kinetic trace (black) at 580 nm
acquired by TCSPC for PBT-NHTs in CH,Cl, at room temperature.
The sample was excited at 360 nm. (Inset) uPL kinetic traces (Ao, =
360, Ay = 580 nm). The IRF (blue) and fitting curves (red) are also
included for both plots. (b) uPL kinetic traces for CN-PBT-NHMe in
CH,Cl,. The sample was excited at 400 nm, and emission kinetic data
were collected at 460 and 620 nm for the normal and tautomer
emissions, respectively. Solid lines depict the best fits using eq 3. The
fitting data are summarized in Table 2. (Inset) The enlargement of
kinetic traces from 0 to 2S5 ps.

2.31 and 43.0 ps, while the tautomer emission at 620 nm
consists of a 2.10 ps rise time component and a decay time of
43.8 ps (Figure 2b and Table 2). Within experimental error, the
shorter decay component (2.31 ps) of the normal emission and
the rise (2.10 ps) of the tautomer emission are well-matched
with the opposite sign for the pre-exponential factor. The result
clearly concludes a precursor (normal)—successor (tautomer)
type of ESIPT in the early stage. Another remarkable
observation was the identical population decay times of both
normal and tautomer emissions, ~43 ps. The combination of
these observations leads us to conclude the occurrence of
ESIPT, followed by a fast pre-equilibrium between normal and
tautomer in the excited state prior to the occurrence of each
individual emission decay.

The corresponding reaction kinetics can be described by a
coupling reaction model depicted in Scheme 2, with a kinetic
expression for the concentrations of both the excited-state
normal form ([N*]) and tautomer form ([T*]) shown in eqs 1
and 2.

AN _ * *
T = (ke + ) N ke [T) o
d[T*] N N
dt - _(kT* + k—pt)'[T ] + kpt'[N ] (2)
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Scheme 2. Pre-equilibrium Model for the Amino-Type
ESIPT?

R s * kpt R s *
\§ I 471 — I
3 N Kept \2 N
/N_H' * /N."H *
R (N*] R (™

hv kN" kT"

Normal Form Tautomer Form

“Here, [N*] and [T*] are the concentrations of the excited-state
normal and tautomer form species; ky+ and kr« are the decay rate
constants for N* and T*; k,, and k_,; are the forward and backward
proton-transfer rates, respectively.

The two differential equations eqs 1 and 2 can be solved,”
giving a fitting equation for the fluorescence kinetics, expressed
as eq 3.

I(t) = Apqe ™o 4+ Aye7/® (3)

Here, I(t) is the fluorescence intensity as a function of time,
which is also proportional to [N*](t) and [T*](¢). 7, and 7, are
the observed relaxation times. A; and A, are the pre-exponential
factors, which under the pre-equilibrium of ESIPT then
correlate to eq 3 to give the relations in eqs 4 and eq 5 for
the normal emission.

k

1(‘1 ~ ;Pt
kpt + k—pt (4)
k
A2 ~ 7Pt
kpt + k—pt (5)

As a result, the equilibrium constant K, (= ky/k_, = Ay/A;) is
then deduced to be 0.79, which corresponds to an endergonic
ESIPT reaction AG = 0.14 kcal/mol for CN-PBT-NHMe.
Because K = ki /k_ and ke + ke = 1 /7., the forward and
backward proton-transfer rate constants can be derived to be k,
=13 x 10" s7" and k_,, = 1.7 x 10" s7".

Similar behavior of excited-state equilibrium was observed for
CN-PBT-NH, in CH,Cl,. As listed in Table 2, the 5.25 ps fast
decay for the normal form emission monitored at 460 nm is
virtually the same as the 5.20 ps rise of the tautomer emission
monitored at 620 nm, and the population decay of normal
(68.0 ps) and tautomer (64.0 ps) emission, within experimental
error, is considered to be identical. Using these experimental
data, k. = 1.6 X 10 571 ke =27 X 100 571, K,y = 6.1, and
AG = —1.07 kcal/mol can thus be deduced. As for PBT-NHAC,
the normal emission decays biexponentially with lifetimes of
0.39 and 33.7 ps, which correlate well with the tautomer
emission kinetics of a 0.41 ps rise and a 35.3 ps decay. K, is
thus calculated to be 13 (k,, = 2.4 X 10" s7* and k_e = 1.8 X
10" s7'), corresponding to a AG of —1.53 kcal/mol. In sum,
the ESIPT process is slightly endergonic for CN-PBT-NHMe
and exergonic for CN-PBT-NH, and PBT-NHAc in CH,Cl,.

We also performed the uPL experiments for the N—H
deuterated compounds, namely, CN-PBT-NDMe, CN-PBT-
ND,, and PBT-NDAc, in dry dichloromethane. The
representative kinetic traces of CN-PBT-NDMe, together
with that of the nondeuterated CN-PBT-NHMe, are shown
in Figure S1 (SI). All pertinent kinetic data are listed in Table
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S4 (SI). Careful analyses indicate that, within experimental
error, the resolved kinetic traces between deuterated and
nondeuterated compounds are identical. The lack of kinetic
isotope effect implies that the ESIPT process of the titled
compounds is not likely to be the direct migration of the
proton (tunnelling) but instead is more plausibly induced by
the change of the molecular skeleton associated with the H-
bond (distance and/or angle), so that the proton donor and
acceptor can approach each other prior to proton transfer.?

Thermodynamics versus Kinetics of the Amino ESIPT Reactions.
The kinetic data deduced above are consistent with normal
versus proton-transfer tautomer emission observed in the
steady-state measurement for the titled compounds. More
importantly, together with other physical parameters elaborated
below, there exists an empirical correlation among proton-
donating strength, reaction kinetics, and thermodynamics for
this series of amino-type ESIPT molecules.

Prior to discussion, we carried out a computational approach
(see the experimental details for details) to shed light on the
ESIPT energetics in this series of amino-type systems. For all
titled compounds, the computed lowest-lying electronic
transition (S, — S,) in terms of wavelength agrees well with
the experimental results (see Table 1), supporting the validity
of the current computational approach. Also, using representa-
tive compounds PBT-NHTs and CN-PBT-NHMe as examples
(frontier orbitals shown in Table 3), by and large, the HOMO

Table 3. Computed Frontier Orbitals for PBT-NHTs and
CN-PBT-NHMe in Their Normal Form Involved in the First
Singlet Excitation®

Compound Structure HOMO LUMO

PBT-NHTs Q_(ED %$'S? ":)‘;K‘.\P
TS'NH Y RN

NC . .
CN-PBT-NHMe Q?ﬁ@ % Ty ‘ia;‘vf:f
me’

“See Table S1 (SI) for a full list of the frontier orbitals for the titled
compounds.

commonly possesses a higher electron density on the amino
group than the LUMO, whereas an increase in the electron
density on the N atom of the benzothiazole domain is generally
observed from HOMO to LUMO. Accordingly, the charge-
transfer character upon HOMO—-LUMO transitions, especially
the shift of electron density from the amino N atoms to the
benzothiazole N atoms, serves as a driving force for ESIPT. The
overall charge-transfer character in the transition is not
significant, which can be supported by the following facts:
(1) The electron density in both HOMO and LUMO is spread
across the entire molecular skeleton (Tables 3 and S1 (SI)),
and (2) the normal emission shows very minor solvatochrom-
ism (see Figure S2, SI, using CN-PBT-NHMe as an example).

For all the titled compounds, we then calculated the ground-
state (S) energies and the first excited-state (S;) energies for
both the normal and proton-transfer tautomer under the
corresponding optimized geometry. Accordingly, the energy
difference between the excited-state normal and tautomer
forms, AE* = E* i omer — E¥normay for the ESIPT process are
shown in Table 1 (the asterisk denotes the excited state). For
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Figure 3. Thermodynamics and kinetics correlations for the N—H-type ESIPT reactions in the titled compounds. Here, AE* is the energy difference
between the N* and T* states, E, is the activation energy, and ki, is the proton-transfer rate constant. Note that the potential energy curves (dashed

lines) drawn for the ESIPT reactions are only qualitative.

more detailed computational results on the energy differences,
please see Table S2 (SI).

Computation and spectroscopy results were combined to
establish the thermodynamic trends of the titled compounds,
classified into three categories: (1) The calculated highly
endothermic reactions (AE* > 5 kcal/mol) for PBT-NHMe
and PBT-NH, are consistent with the prohibition of ESIPT;
hence, only normal emission can be observed experimentally.
(2) The calculated AE* of around 1.23—4.09 kcal/mol for CN-
PBT-NMe, CN-PBT-NH,, and PBT-NHAc, within uncer-
tainty, may correlate with their equilibrium type of ESIPT and
hence dual emission. (3) The calculated exothermic ESIPT
reactions (AE* < 0) for NH,-PBT-NHTs, PBT-NHTs, and
CN-PBT-NHTSs seem to match well with their ultrafast ESIPT,
resulting solely in tautomer emission. Thus, the correlation
between this thermodynamic trend and other crucial
parameters for ESIPT is feasible.

Chemically, the occurrence of ESIPT requires that the
intramolecular H-bond consists of a proton-donating site and a
proton-accepting site. For long, this prerequisite has been one
of the core fundamental issues regarding the trend of ESIPT
and its correlation with the strength of proton-donor/acceptor
capabilities and hence the associated H-bond properties.
Experimentally, this is still a formidable task, mainly due to
the lack of suitable ESIPT systems, for which the corresponding
ESIPT dynamics could be carried out in a systematic and
comprehensive manner. Most ESIPT systems involve a
hydroxyl proton, which under the perturbation free condition
(vide infra) undergoes either barrierless, that is, an adiabatic,
coherent type of ESIPT or ESIPT with a rather small barrier,
such that any vibration associated with the changes of the H-
bond distance/orientation may lower or modulate the barrier,
inducing the reaction. For the former, oscillation of the
tautomer emission, that is, a quantum beat pattern, associated
with the coherent motion, has been occasionally observed.*’
These systems all involve strong intramolecular H-bonding;
therefore, ESIPT may be described virtually as a wave function
redistribution rather than nuclear motion, that is, proton or
hydrogen atom motion. As a result, the rate of ESIPT in most
cases is within or beyond the system detection response limit
(e.g, <1 ps). Such an ultrafast, irresolvable time scale made the
study of the ESIPT versus structure relationship unattainable.

On the other hand, under external perturbations, the rate of
ESIPT could be greatly slowed. For example, in protic solvents,
the external H-bond from solvent molecules may drastically
alter/reduce the rate of ESIPT. Also, proton transfer may
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couple with substantial electron-transfer character, such that
there is a substantial change of dipole moment from the
reactant (the excited-state normal form species) to the product
(the excited-state tautomer species), in essence being quite
different in their equilibrium polarization. In this case, amid
ESIPT, the solvent has to be reorganized, bringing both the
reactant and the product to a resonance prior to proton
transfer. Therefore, there exists a solvent-polarity-induced
barrier that will channel into the ESIPT reaction, giving a
finite reaction rate. These two factors unfortunately provide an
irrelevant relationship with respect to the proton-donor/
acceptor properties. In our view, unavoidably, the correlation
should be established under the intrinsically slow, resolvable
ESIPT. From a chemical point of view, in other words, we
might be able to look for a weak proton donor or acceptor to
reduce the driving force of ESIPT. Moreover, and more
difficult, the strength of the proton donor (ie., acidity) or the
proton acceptor (i.e. basicity) has to be systematically fine-
tuned to probe the ESIPT—H-bond strength relationship.

Apparently, ESIPT systems that can fulfill these two criteria
are so rare that relevant studies are still lacking at this stage. In
this regard, the new series of amino-type proton donors
presented here shine a light on manipulating ESIPT reactions
by tuning the intrinsic properties of the molecules. One of the
most important observations in this study is the trend of the
ESIPT rates and the energy differences (AE*) between the
excited-state normal (N*) and tautomer (T*) forms. Conven-
tionally, AE* between the product (T* in this case) and the
reactant (N* in this case) determines whether T* could be
produced thermodynamically, whereas the rate of ESIPT is
generally irrelevant to AE* and is manipulated by the way of
forming an activated complex, that is, a transition state. Because
all of the titled amino-type compounds have highly similar
molecular structures and therefore are expected to undergo
similar ESIPT reaction pathways, we then attempted to find a
correlation between thermodynamics (AE*) and the forward
reaction rate of ESIPT listed in Figure 3. For the convenience
of the reader, Figure 3 also draws tentative potential energy
curves of the ESIPT reaction for the titled compounds in a very
qualitative manner. In Figure 3, for those ESIPT systems under
excited-state equilibrium, the experimentally observed thermo-
dynamics data are also included. The combination of
experimental and computational data indicates that when
AE* becomes more negative, the ESIPT rate increases
accordingly.
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We then looked into the correlation between AE* and other
factors, such as proton acidity. Experimentally, we were unable
to measure the acidity of the N—H protons in the titled
compounds due to the sparse solubility of the samples in water.
However, we were able to obtain the 'H NMR chemical shifts
of the N—H protons in CDCl; (Table S3, SI). The more
deshielded protons are usually downfield with more positive
chemical shifts and are conventionally considered to be more
acidic. We also plotted the chemical shifts as a function of AE*
of ESIPT; the result shown in Figure 4a reveals a trend that
more acidic protons (with more positive chemical shifts) lead
to more thermodynamically favored ESIPT reactions (i.e., with
a more negative AE*).
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Figure 4. Correlation plots between the computed energy difference
AE* and (a) the '"H NMR chemical shift for N1—H in CDCl,, (b) the
computed N1—H bond distances in the S or S, states, and (c) the
computed N2—H bond distances in the S, or S, states. Here, N1 is the
amino N atom, and N2 is the benzothiazole N atom, as shown in the
structure to the upper right.

Viewing this phenomenon from another angle, we then
computed the N1-H and N2—H bond distances for the title
compounds in both the ground (S,) and the first excited (S;)
states (Table S3, SI), in which N1 and N2 denote the amino
nitrogen atom and the benzothiazole nitrogen atom,
respectively (see Figure 4, upper right for the notation).
Upon plotting the bond distances versus AE*, we perceived a
trend that the longer N1—H bond distances in the ground state
lead to a more negative AE* (Figure 4b, N1—-H (S,), blue
dots), and coherently, N2—H (S,) decreases when AE*
becomes more negative (Figure 4c, blue circles). In the S;
state, although the N1—H bond distances increase (Figure 4b,
NI1-H (S,), red squares) and the N2—H bond distances
decrease (Figure 4c, N2—H (S,), red open squares), both still
show a trend (i.e., the correlation of bond distance versus AE*)
similar to that of the ground state. In brief, the N1-H (S,)
bond distances and the proton acidity/chemical shifts (Figure
4a) reveal the same trend. All of these results suggest that by
rationally modifying the molecules with either electron-
withdrawing or -donating groups, one can harness the
proton-transfer reaction, or the rate and AE* of ESIPT, by
manipulating the related physical parameters, including proton
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acidity, H-bond distances, and proton-transfer rates, all of
which seem to be well-correlated with each other.

The above multiple correlations, on the one hand, may be
rationalized by considering proton transfer as an acid—base
type of thermodynamic property, in which the stronger N—H
proton-donating strength leads to higher acidity and thus
greater exergonic ESIPT reaction. On the other hand, among
the titled compounds, those possessing relatively weak amino-
type H-bonding (cf. the —OH-type H-bond system) require
adjustment of the geometry associated with the H-bond to
trigger ESIPT. Accordingly, a non-negligible barrier is thus
induced amid the H-bond optimization. A stronger H-bond
endowed with a shorter bond distance results in a smaller
geometry adjustment and hence a smaller ESIPT barrier. For
the titled amino-type compounds, such a relationship
fortunately can be resolved with both spectroscopy and
dynamics approaches due to the relatively weak amino-type
H-bond and the full capability of chemical modification on the
amino proton, which is otherwise impossible in the traditional
—OH type of ESIPT systems.

In summary, a comprehensive photophysical study has been
carried out on a new class of amino-type H-bonding
compounds with the aim of shedding light on the relationships
among ESIPT kinetics, thermodynamics, and the associated H-
bond properties. ESIPT in the parent molecules PBT-NH, and
PBT-NHMe is highly endergonic and thus prohibited. In the
presence of strong electron-withdrawing Ts that directly
replaces one of the amino protons, complete and ultrafast
(7pe < 150 fs) ESIPT is thus resolved for PBT-NHTs, CN-
PBT-NHTs, and NH,-PBT-NHTs. Upon the substitution of
moderate strong proton-donating groups, compounds CN-
PBT-NMe, CN-PBT-NH,, and PBT-NHAc exhibit equili-
brium-type ESIPT, resulting in a remarkable dual emission.

The most important observation in this work is the
thermodynamic—kinetic relationship because both are also
further correlated with the proton-donating strength and hence
the H-bond strength/distance. On the one hand, such a
correlation can be rationalized by treating the proton-transfer
reaction as an acid—base type of thermodynamic property, in
which the stronger N—H proton-donating strength leads to
higher acidity and thus a more exergonic ESIPT reaction. On
the other hand, this acid—base property also correlates well
with the H-bond distance. For a weak intramolecular H-bond
system such as the titled amino-type molecules, the geometry
adjustment seems to be a prerequisite for the H-bond to be at a
suitable distance to bring resonance, that is, to undergo ESIPT.
The stronger H-bond empirically leads to a smaller geometry
adjustment and hence a smaller barrier, which correlates with
the faster rate of ESIPT.

The proton-transfer reaction can be described by a strong
coupling between reactant and product electronic states, which
has significant dependence on the distance between the proton
donor and acceptor, that is, the H-bonding length. The larger
electronic coupling not only reduces the barrier height but also
narrows the width. Compared to the nonadiabatic electron
transfer, the tunneling probability in nonadiabatic proton
transfer should be much more sensitive to interatomic
separation simply because the proton is much heavier than
the electron, approximately ~2000 times, which does warrant
us to pursue their corresponding fundamental. If so, the
empirical rule can be elegantly exemplified by the fundamental
N—H proton transfer, which is unprecedented and is otherwise
impossible for the typical —OH type of ESPT due to the
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ultrafast and hence irresolvable reaction rate as well as the
impossibility in fine-tuning the O—H activity by O-
substitutions.

Last but not least, in addition to the above fundamental
importance, from the aspect of application, we would like to
remark that the equilibrium amino-type ESIPT compound, for
example, CN-PBT-NHMe, results in both normal (420—570
nm) and proton-transfer tautomer (570—725 nm) emission,
creating the appearance of white light generation (see Figure
S3, SI). The facile tuning of the ESIPT thermodynamics on the
amino-type ESIPT systems may thus pave a new avenue for full
color tunability in lighting applications.
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