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Fluorescence spectroscopy and femtosecond relaxation dynamics of 2-{[2-(2-hydroxyphenyl)benzo[d]oxazol-6-
ylJmethylene }malononitrile (diCN-HBO) and 2-{[2-(2-hydroxyphenyl)benzo[d]thiazol-6-ylJmethylene } malononitrile
(diCN-HBT) are studied to probe the excited-state proton transfer (ESPT) coupled charge transfer (ESCT) reaction.
Unlike most of the ESPT/ESCT systems previously designed, in which ESCT takes place prior to ESPT, both
diCN-HBO and diCN-HBT undergo ESPT, concomitantly accompanied with the charge transfer process, such
that the ESPT reaction dynamics are directly coupled with solvent polarization effects. The long-range solvent
polarization interactions result in a solvent-induced barrier that affects the overall proton transfer reaction rate. In
cyclohexane, the rate constant of ESPT of diCN-HBO is measured to be 1.1 ps (9.1 x 10" s7!), which is apparently
slower than that of 150 fs for the parent molecule 2-(2'-hydroxyphenyl)benzoxazole (HBO). Upon increasing solvent
polarity to, for example, CH;CN, the rate of ESPT is increased to 300 fs (3.3 x 10'? s™1). The results are rationalized
by the stabilization of proton transfer tautomer, which possesses a large degree of charge transfer character via an
increase of the solvent polarity, such that the corresponding solvent-induced barrier is reduced. We thus demonstrate
a prototypical system in which the photon-induced nuclear motion (proton transfer) is directly coupled with solvent

polarization and the corresponding mechanism is reminiscent of that applied in an electron transfer process.

Introduction

Because of its fundamental importance in chemical reactions,
the excited-state proton transfer (ESPT) reaction has attracted
intensive interest."> Among various experimental approaches,
one important issue of current interest is the ESPT coupled
excited-state charge transfer (ESCT) reaction. A conceptually
designed ESCT/ESPT system (PC) is depicted in Scheme 1, in
which D and A denote the electron donor and acceptor,
respectively. In most cases, D and A are separated by a
chromophore (represented by a benzenelike structure), and their
relative positions are suited for the charge transfer reaction via,
for example, 7 electron delocalization in the excited state.
Symbol H denotes a hydroxyl (or amino) hydrogen, which forms
an intramolecular hydrogen bond (dashed line) with A in most
designed systems.>’

On one hand, electronically exciting PC to PC* (* denotes
the electronically excited state) may cause charge transfer,
forming a charge transfer species CT*. On the other hand, the
hydrogen-bonded H atom may act as a strong photoacid, such
that proton transfer takes place, resulting in a proton transfer
tautomer denoted by PT* (see Scheme 1). Thus, depending on
the reaction time domain, studies of ESCT vs ESPT can be
classified into two categories: (A) For the case that the rate of
ESCT is faster than that of ESPT, following PC* — CT* charge
transfer, the CT* — CPT* proton transfer reaction then takes
place. (B) For the case that ESPT takes place prior to ESCT,
the overall reaction may be described as a PC* — PT* proton
transfer, followed by a PT* — CPT* charge transfer process.

As for case A, because of a large charge separation between
D and A, the initially prepared CT* should be subject to a great
change of the dipole moment vs that of the ground state PC.
Moreover, if CT* possesses a large difference in dipole moment
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from that of the final proton transfer tautomer, CPT*, the
equilibrium polarizations between CT* and CPT* should be far
separated. Similarly, a large difference in dipole moment is also
expected between PT* and CPT* in case B. Because the dipolar
changes in solute are coupled to solvent polarization effects,
the relative energetics between CT* and CPT* in case A or
between PT* and CPT* in case B are expected to be a function
of solvent polarization coordinate. Thus, the long-range solvent
polarization interactions may result in a solvent-induced barrier
channeling into the overall reaction.

On the above basis, research regarding solvent polarity
influencing ESPT has made vast progress.>~’ Many intriguing
ESCT/ESPT systems have been designed and intensively
investigated during the past few years. Representative examples
include N,N-dialkylamino-3-hydroxyflavones*® and 2-(2'-hy-
droxy-4'-dietheylaminophenyl)benzothiazole,° etc. (see Scheme
2), in which the N,N-dialkyl group is commonly exploited as
an electron donor, while the carbonyl oxygen or the nitrogen
group serves as an electron acceptor. Studies so far have shown
that most designed systems can be ascribed to case A. Using
2-hydroxy-4-(di-p-tolyl-amino)benzaldehyde’ as an example, the
early reaction dynamics can be described by an ultrafast ESCT
(<150 fs) prior to ESPT (see Scheme 3). Such an ESCT process
is essentially adiabatic, that is, an optical electron transfer
process, and can be rationalized by a strong coupling between
donor and acceptor moieties through the 7z electron conjugation
such that the electronic coupling matrix is much larger than
that of the Marcus type of the weak coupling electron transfer
process.® For this case, following ultrafast ESCT, it is always
found that ESPT takes place and its rate is complicated by the
competitive solvation relaxation process, that is, the CT* —
CTeq* process (subscript eq denotes the solvent equilibrated
state). After reaching the solvent equilibration, because of the
difference in equilibrium polarization between CT* and
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SCHEME 1: Generalized ESCT/ESPT System and Its Possible Reaction Patterns”
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SCHEME 2: Molecular Structures of Some Representative ESCT/ESPT Compounds
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CPTey*, the CTeg* — CPTe* proton transfer reaction is
associated with a solvent-induced barrier (see Scheme 3).
The above experimental progress has drawn fundamental
importance because solvent polarity plays a key role and
channels into the proton transfer dynamics, the mechanism of
which has been intensively developed theoretically during the
past decade.” Unfortunately, for most experimental model
systems applied up to this stage, the ESPT/ESCT dynamics are
ascribed to case A and are complicated by the competitive
solvent relaxation vs ESPT, such that the study of early ESCT/
ESPT reaction dynamics is limited by the rate of solvent
relaxation. Thus, it is of great fundamental interest to seek an
ideal system to probe the ESPT/ESCT coupling reaction. To
our viewpoint, an ideal case in point stems from case B, for
which a molecule is designed such that it undergoes ESPT prior
to the ESCT reaction. To achieve this goal, 2-{[2-(2-hydrox-
yphenyl)benzo[d]oxazol-6-yl]methylene }malononitrile (diCN-

HBO)!® and  2-{[2-(2-hydroxyphenyl)benzo[d]thiazol-6-
yllmethylene }malononitrile (diCN-HBT) (see Scheme 4) were
synthesized. As elaborated in the following sections, we then
demonstrate that diCN-HBO and diCN-HBT undergo ESPT
concomitantly associated with charge transfer. The results and
discussion render a prototype to probe the nuclear motion
(proton transfer) directly coupled with electron transfer.

Experimental Section

Synthesis. Syntheses of diCN-HBO were performed accord-
ing to the literature.!” 'H NMR (400 MHz, CDCls, in ppm):
11.10 (s, 1H), 8.38 (s, 1H), 8.08 (d, J = 8.0 Hz, 1H), 7.81—7.88
(m, 3H), 7.54 (t, J/ = 7.8 Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H),
7.08 (t, J = 7.6 Hz, 1H). 3C NMR (125 MHz, CDCls, in ppm):
166.64, 159.48, 158.80, 149.27, 145.40, 135.18, 129.55, 127.90,
127.66, 120.09, 119.99, 117.81, 113.64, 112.69, 111.82, 109.44,
82.24.
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SCHEME 3: Relaxation Processes for Case (A) ESCT/
ESPT Systems Demonstrated by
para-N,N-Dialkylaminosalicylaldehyde’
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SCHEME 4: Proposed ESPT Reaction for HBO (HBT)
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The synthesis of diCN-HBT (6) was performed according to
a synthetic route depicted in Scheme 5. 'H and'3C spectra were
obtained on a Bruker AMX-400 spectrometer. Mass spectra
were carried out on a VG70-250S spectrometer.

2-(6-Methylbenzo[d]thiazol-2-yl)phenol (1). 2-Amino-5-
methylbenzenethiol'! (3.0 g, 21.5 mmol) and 2-hydroxyben-
zaldehyde (2.6 g, 21.5 mmol) were added to 80 mL of acetic
acid. After the mixture was stirred for 10 min at room
temperature, lead(IV) acetate (9.5 g, 21.5 mmol) was added to
the mixture. The reaction mixture was stirred for 30 min and
gently boiled for an additional 30 min. After it was cooled, the
mixture was poured into the cold water and was neutralized
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with aqueous NaOH solution. The precipitate was filtered and
dissolved in excess CHCI3 and dried with anhydrous MgSOs.
After the solvent was removed, the crude product was purified
by silica gel column chromatography with eluent ethyl acetate/
n-hexane (1/10) to afford 1 (2.8 g, 54%). '"H NMR (CDCls,
ppm): 12.52 (s, 1H), 7.89 (d, J = 8.3 Hz, 1H), 7.67—7.70 (m,
2H), 7.40 (t, J = 8.6 Hz, 1H), 7.33 (d, J = 8.3 Hz, 1H), 7.12
(d, J = 8.3, Hz, 1H), 6.98 (t, J = 7.5 Hz, 1H), 2.52 (s, 3H).
MS (EI, 70 eV): m/z (relative intensity) 241 (MT, 42), 231 (100).
HRMS calcd for Ci14H;;ONS, 241.0561; found, 241.0558.

2-{6-(Bromomethyl)benzo[d]thiazol-2-yl}phenyl Acetate
(3). In 100 mL of acetic anhydride, 2-(6-methylbenzo[d]thiazol-
2-yl)phenol (2.0 g, 8.3 mmol) was dissolved and was heated to
120 °C with stirring for 12 h. After the solvent was distilled
off under reduced pressure, 2-(6-methylbenzo[d]thiazol-2-
yl)phenyl acetate (2) and N-bromosuccinimide (1.4 g, 7.8 mmol)
were dissolved in 60 mL of CCly, and 14 mg (1 mol %) of
2,2"-azobisisobutyronitrile (AIBN) was added. The mixture was
slowly heated to 80 °C with stirring for 2 h. After it was cooled,
the mixture was poured into cold water, extracted with CHCl3,
and dried with anhydrous MgSO,. After the solvent was
removed, the crude product was purified by silica gel column
chromatography with eluent ethyl acetate/n-hexane (1/10) to
afford (3) (1.9 g, 63%). '"H NMR (CDCl;, ppm): 8.32 (dd, J =
7.8, 1.3 Hz, 1H), 8.06 (d, J = 8.5 Hz, 1H), 7.91 (s, 1H),
7.51—7.55 (m, 2H), 7.43 (t, J = 7.8 Hz, 1H), 7.28 (d, J = 7.8
Hz, 1H), 4.66 (s, 2H), 2.48 (s, 3H). MS (EI, 70 eV): m/z (relative
intensity) 361 (M™, 20), 319 (100). HRMS calcd for
Ci6H120,NBrS, 360.9772; found, 360.9765.

2-(2-Hydroxyphenyl)benzo[d]thiazole-6-carbaldehyde (5).
Hexamethylenetetramine (HMTA) (1.2 g, 8.6 mmol) was added
to a solution of 2-{6-(bromomethyl)benzo[d]thiazol-2-yl } phenyl
acetate (1.5 g, 4.1 mmol) in 60 mL of CHCl;. The mixture was
refluxed for 12 h. After the mixture was cooled, the residual
precipitate was filtered and dried. Next, to 15 mL of glacial
acetic acid and 15 mL of water was added dried salt, and the
mixture was refluxed for 2 h. After it was cooled, the mixture
was neutralized with aqueous NaOH solution and was extracted
with CHCls. The organic layer was dried with anhydrous MgSQO4
and evaporated. The mixture of 4 and 5 was dissolved in a
suspension of 0.3 g of KOH in 50 mL of CH,Cl,. The mixture
was gently boiled for 6 h. After it was cooled, the solution was
poured into water and neutralized with aqueous HCI solution.
The mixture was extracted with CH,Cl, and dried with
anhydrous MgSO,. After the solvent was removed, the crude
product was purified by silica gel column chromatography with
eluent ethylacetate/n-hexane (1/4) to afford 5 (0.50 g, 47%).
'"H NMR (CDCls, ppm): 12.26 (s, 1H), 10.11 (s, 1H), 8.44 (s,
1H), 8.11 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.4 Hz, 1H), 7.73
(d, J =8.2 Hz, 1H), 7.44 (t, J = 7.3 Hz, 1H), 7.12 (d, ] = 8.2
Hz, 1H), 7.06 (t, J = 7.4 Hz, 1H). 3C NMR (100 MHz, CDCls,
ppm): 190.72, 173.52, 158.19, 155.77, 133.79, 133.53, 133.20,
128.73, 127.84, 123.95, 122.51, 119.81, 118.16. 116.34. MS
(EL 70 eV): m/z (relative intensity) 255 (M, 100). HRMS calcd
for C14HoO,NS, 255.0354; found, 255.0356.

diCN-HBT (6). 2-(2-Hydroxyphenyl)benzo[d]thiazole-6-car-
baldehyde (0.15 g, 0.59 mmol) was resolved in a mixture of 20
mL of THF and 20 mL of MeOH. Then, malononitrile (0.19 g,
2.88 mmol) and two drops of piperidine were added to the
mixture and stirred for 2 h at 45 °C. After the solvent was
removed under vacuum, the mixture was extracted with CHCl3
and washed with water. The organic layer was dried with
anhydrous MgSO, and evaporated. The product was purified
by silica gel column chromatography with eluent ethyl acetate/
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SCHEME 5: Synthetic Scheme of diCN-HBT
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n-hexane (1/4) to afford 6 (0.13 g, 73%). '"H NMR (CDCls,
ppm): 12.13 (s, 1H), 8.54 (s, 1H), 8.12 (d, J = 8.6 Hz, 1H),
8.05 (d, J = 8.6 Hz, 1H), 7.92 (s, 1H), 7.77 (d, J = 7.4 Hz,
1H), 7.48 (t, J = 8.1 Hz, 1H), 7.12 (d, J = 8.3 Hz, 1H), 7.03
(t,J = 7.4 Hz, IH). 3C NMR (100 MHz, CDCl;, ppm): 158.75,
158.32, 155.54, 148.59, 134.13, 133.89, 129.18, 128.90, 128.10,
124.57,122.73, 119.89, 118.02. 116.20, 113.82, 112.81, 82.41.
MS (EI, 70 eV): m/z (relative intensity) 303 (M™, 100). HRMS
caled for C;7H9N30S, 303.0466; found, 303.0469.

The solvents used in the spectroscopic and dynamic measure-
ments were of spectragrade quality (Merck Inc.) and were used
right after received. Benzene and acetonitrile showed traces of
fluorescence impurities and were fractionally distilled prior to
use.

Measurements. Steady-state absorption and emission spectra
were recorded by a Hitachi (U-3310) spectrophotometer and
an Edinburgh (FS920) fluorimeter, respectively. Nanosecond—pico-
second lifetime studies were performed with an Edinburgh OB
900-L time-correlated single photon counting system coupled
with a femtosecond Ti-Sapphire oscillator (82 MHz, Spectra
Physics). The fundamental pulse was used to produce second
harmonics (375—425 nm) as an excitation source. For measuring
the extremely weak tautomer (i.e., keto) emission of diCN-HBO
(or diCN-HBT) in CH3CN, the laser (355 nm, third harmonic
of Nd:YAG) induced fluorescence was collected at a right angle
with respect to the excitation beam, focused to a monochromator
(Acton, SP2300i), and then detected by a highly sensitive
intensified charge-coupled detector (ICCD, Princeton Instrument,
PI-MAX camera). The laser scattering was rejected by a
combination of color and holographic filters.

The fluorescence upconversion measurements were performed
with a previously reported femtosecond optically gated system.®
The upconverted signal was then separated by an F/4.9 (f =
380 mm) monochromator and detected via a photon counting
PMT (R1527P, Hamamatsu). The cross-correlation between SH
and the fundamental had a full width at half-maximum (fwhm)
of ~150 fs, which was chosen as a response function of the
system.

\ J
w Sz

NC™ "CN

Results

Design Strategy. As depicted in Scheme 4, for both diCN-
HBO and diCN-HBT, the lone pair electrons of the benzo
nitrogen atom (N1, see Scheme 4) are intrinsically involved in
the 7 electron resonance to establish the aromaticity, such that
its electron-donating strength, as compared with those of alkyl
and aryl amines, is negligibly weak. Thus, upon Franck—Condon
excitation of diCN-HBO (or diCN-HBT), the degree of charge
transfer should be negligible. On the other hand, similar to their
parent molecules such as 2-(2'-hydroxyphenyl)benzoxazole
(HBO)'? and 2-(2'-hydroxyphenyl)benzothiazole (HBT),'> ESPT
is expected to take place from the hydroxyl proton to the N1
nitrogen, resulting in a proton transfer tautomer, that is, a keto
form (see Scheme 4). Once forming the proton transfer tautomer,
the N1 nitrogen atom becomes the secondary alkyl amino
nitrogen and thus should act as a good electron donor. Moreover,
because its para-position is strategically designed by anchoring
a strong electron-withdrawing group, that is, malononitrile,
charge transfer is thus anticipated for both diCN-HBO and
diCN-HBT. Such a charge transfer process occurs through the
delocalization of s conjugation and is considered to be an
adiabatic type of reaction. In other words, electron transfer
should proceed simultaneously every moment ESPT takes place.
One may thus view the overall reaction as a photon-induced
proton transfer (a nuclear motion) coupled with a large charge
separation due to the simultaneous electron transfer process,
rendering an ideal system to study the role of solvent polarity
in the proton transfer reaction. It is noted that Park and co-
workers!? have reported the synthesis and steady-state lumi-
nescence properties for diCN-HBO, whereas the ESPT/ESCT
coupled reaction dynamics have not yet been explored.

Steady State Approach. Figure 1 depicts steady state
absorption and emission spectra of diCN-HBO in various
solvents. In cyclohexane, the So — S; (sz7r*) transition of diCN-
HBO exhibits a maximum absorbance at 376 nm with an
extinction coefficient of ~2 x 10* M~! cm™!. The fluorescence
spectrum of diCN-HBO in cyclohexane shows a weak normal
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Figure 1. Static absorption and fluorescence spectra of diCN-HBO at
298 K in (A) cyclohexane, (B) benzene, (C) chloroform, (D) dichlo-
romethane, and (E) acetonitrile; the inserted small graph was generated
using ICCD as a detector.

Stokes shifted band (the F; band) maximized at 435 nm and
large Stokes shifted band (the F, band) maximized at ~550 nm.
These steady-state results are essentially in agreement with a
previous report.'? Upon monitoring throughout the two emission
bands, the identical excitation spectra eliminate the possible
existence of diCN-HBO isomer(s) as well as any unwanted
emission originating from trace impurity. It is thus reasonable
to assign the 435 nm band as the fluorescence from the enol
(N*) emission, while the 550 nm band is ascribed to the keto
(T*) emission resulting from the proton transfer reaction. The
total quantum yield @, that is, the yield of normal plus tautomer
emission, is determined to be 0.13 (Table 1). Upon varying the
solvents, while the absorption spectral feature reveals only slight
solvent dependence, a remarkable solvent polarity-dependent
emission property is observed. As shown in Figure 1, despite
negligible spectral changes on the enol emission, the peak
wavelength of proton transfer tautomer emission (i.e., the keto
emission) of diCN-HBO shows drastic bathochromic shift upon
increasing the solvent polarity, being shifted from 590 nm in
benzene to as long as 750 nm in CH3CN. In parallel, the
quantum yield of the integrated dual emission decreases from
0.03 in benzene to 6 x 10~* in CH3CN. In fact, a conventional
fluorimeter could barely resolve the keto emission in CH3CN.
Alternatively, a laser-induced fluorescence technique coupled
with a red-sensitive intensified charge-coupled detector (see the
Experimental Section) had to be applied to resolve this rather
weak keto emission in CH3CN (see the inset of Figure 1). The
steady-state dual emission indirectly implies the existence of a
non-negligible barrier associated with the ESPT process in
diCN-HBO.

Similar solvent polarity-dependent emission properties are
observed in diCN-HBT, for which the keto emission of diCN-
HBT undergoes a significant red shift from 575 nm in
cyclohexane to ~730 nm in CH3CN, while the enol emission
is nearly solvent-independent, being maximized at 450 nm.
Nevertheless, subtle differences in the steady-state emission can
be seen between diCN-HBT and diCN-HBO. The ratio of
emission intensity for enol vs keto species is significantly
reduced in diCN-HBT. For example, in cyclohexane, which is
considered to be the least perturbing solvent, enol emission of
diCN-HBT could not be resolved with the steady-state approach,
while appreciable enol emission was resolved in the case of
diCN-HBO. In fact, except in CH3CN, the enol vs keto emission
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ratio for diCN-HBT is rather small in all polar, aprotic solvents,
the result of which is in sharp contrast to that of diCN-HBO
(cf. Figures 1 and 2). On one hand, the sulfur atom in diCN-
HBT is considered to be a stronger electron-donating group than
that of the oxygen atom in diCN-HBT. Thus, through S — N(1)
[cf. O — N(1) in diCN-HBOY] partial charge delocalization, the
N(1) nitrogen in diCN-HBT is expected to be more basic than
that in diCN-HBO, rendering a stronger intramolecular hydrogen
bond in diCN-HBT and hence a faster rate of ESPT. On the
other hand, it may indicate that solvent polarity plays a minor
role in view of ESPT/ESCT coupled reaction for diCN-HBT
due to its lesser charge transfer property in the proton transfer
tautomer form. As a result, the dynamics of ESPT in diCN-
HBT are expected to be similar to its parent molecule HBT. It
has been well-established that ESPT for HBT is essentially
barrierless and that its rate constant is 160 £ 20 fs, which is
nearly independent of the solvent polarity.'3® Further resolution
of this issue relies on the results elaborated in the following
sections.

The solvent polarity-dependent keto emission can be ex-
pressed quantitatively according to the theory derived from
dielectric polarization, specifying that the spectral shifts of the
fluorescence upon increasing the solvent polarity depend on the
difference in permanent dipole moments between ground (i)
and excited (u.)state. The changes of dipole moment in
magnitude between ground and excited states, that is, Au = Igi,
— Ugl, can be estimated by the Lippert—Mataga equation and
expressed as:

v, — V= %(y —uy'ay *Af+ const. 1)
where ap denotes the cavity radius in which the solute resides,
estimated to be 6.9 A via the Hartree—Fock theories with
6-31G(d',p) basis, ¥, — Vris the Stokes shift of the absorption
and emission peak maximum, and Af is the orientation polar-
izability defined as:

e—1 n’—1

2e+1 2741

Af=fe) = fin’) = ®)

The plot of the Stokes shift ¥, — ¥ as a function of Af is
sufficiently linear for both diCN-HBO and diCN-HBT (see
Figure 3). Accordingly, Au = i, — ti,l was deduced to be 21
and 16 D for diCN-HBO and diCN-HBT, respectively, ascer-
taining the electron transfer origin of the proton transfer (keto)
emission band for both compounds. Moreover, the results also
imply a smaller degree of charge transfer for the keto form in
diCN-HBT. Accordingly, as compared to diCN-HBO, the
corresponding ESPT in diCN-HBT being subject to less solvent
polarity perturbation is justified.

Relaxation Dynamics. The above steady-state solvent polar-
ity-dependent keto emission is in sharp contrast to most ESPT/
ESCT systems studied so far.*~7 For those systems reported,
the proton transfer tautomer emission peak wavelength com-
monly does not reveal solvent polarity dependence. Instead, it
is the normal emission that shows great solvent polarity
dependence, being red-shifted upon an increase in the solvent
polarity. For previously designed ESPT/ESCT coupled systems,
this can be rationalized by the occurrence of optical electron
transfer in the excited normal species, creating gigantic dipolar
changes. Thus, charge transfer occurs simultaneously upon
Franck—Condon excitation. Once charge transfer species are
formed, solvent relaxation promptly takes place, and its rate is
either competitive or even prior to the ESPT process (see
Scheme 3), complicating the early relaxation dynamics. In
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TABLE 1: Photophysical Properties of diCN-HBO and diCN-HBT in Various Solvents®

Hsieh et al.

emission (nm)

relaxation dynamics (ps)”

diCN-HBO
cyclohexane

N: 435
T: 550

420 nm (7 = 1.10)

(0.13)

N: 433
T: 590
(0.033)

benzene

530 nm [7; = 0.06 (—0.48), 1>
570 nm [7; = 1.22 (—0.41), 7,
620 nm [7; = 1.20 (—0.43), 1o
450 nm (zr = 1.00)

570 nm [t; = 1.16 (—0.12), 1>
630 nm [7; = 1.00 (—0.53), 1o
690 nm [7; = 0.80 (—0.16), 7>

dichloromethane

acetonitrile

N: 440
T: 648
(0.0018)

N: 443

T: 750
(0.0006)

diCN-HBT
cyclohexane

dichloromethane

acetonitrile

N: —

T: 575
(0.05)
N: 453
T: 666
(0.0042)

N: 452
T: 730
(0.0006)

450 nm [7; = 0.60 (0.93), 7, =
610 nm [7; = 0.54 (—0.43), 7>
670 nm [7; = 0.43 (—0.40), 7>
710 nm [7; = 0.67 (—0.48), 72
460 nm (r = 0.31)

700 nm [7; = 0.53 (0.61), 7>
730 nm [7; = 0.70 (0.25), 72
760 nm [7; = 0.80 (0.08), 7>

480 nm (r = 0.05)
580 nm [r; = 0.07 (—0.10), T»

480 nm (z = 0.06)
580 nm [r; = 0.06 (—0.40), T
630 nm [r; = 0.15 (—0.36), T»
680 nm [r; = 0.12 (—0.31), T
480 nm (r = 0.13)

680 nm [r; = 0.05 (—0.31), T

0.23 (0.22), 73 = 1061 (0.30)]
1061 (0.59)]
1061 (0.57)]

1.50 (0.69), 73 = 566 (0.19)]
1.60 (0.20), 73 = 566 (0.27)]
1.60 (—0.29), 73 = 566 (0.55)]
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@The experimental error for the fitted time constant and quantum yield is less than ~20%. ”Data in the parentheses are the fitted
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Figure 2. Static absorption and fluorescence spectra of diCN-HBT at
298 K in (A) cyclohexane, (B) benzene, (C) chloroform, (D) dichlo-
romethane, and (E) acetonitrile; the inserted small graph was generated
using ICCD as a detector.

comparison to those molecules previously designed, diCN-HBO
and diCN-HBT seem to be ideal systems with which to probe
the ESPT/ESCT coupling reaction, possibly free from interfer-
ence of solvent relaxation.

To investigate detailed ESPT dynamics, femtosecond time-
resolved fluorescence of diCN-HBO and diCN-HBT was
monitored at both enol and keto emission bands in five different
solvents. The excitation wavelength was tuned to the 0—0 onset
of the Sy — S, absorption at ~400 nm to minimize the vibronic
relaxation process, and the excitation power was <20 mW to
avoid any possible photodecomposition processes. The time-
dependent sum frequency signal and the best theoretical fitting

: T
‘-1 - I:I.
L : I ;

( 1—
(=] 8 1
:‘ﬂ 2 0.0 0.1 = i
. %
-
8 ;

0.0 0.1 0.2 0.3
Af
Figure 3. Lippert plot of Stokes shift of keto emission vs orientation
polarizability (Af) of (A) diCN-HBO and (B) diCN-HBT (Af: cyclo-
hexane, —0.0014; benzene, 0.0030; chloroform, 0.1482; dichlo-
romethane, 0.2183; and acetonitrile, 0.3060).

of diCN-HBO are depicted in Figures 4—7. Detailed fitting
parameters for the relaxation decay rates are listed in Table 1.
The relaxation dynamics clearly show that the fluorescence
temporal behavior varies drastically with changes of the
monitored fluorescence wavelength. In cyclohexane, the up-
converted fluorescence signal at the very blue side of, for
example, 420 nm, ascribed to the steady-state enol emission,
consists of a system response limited (<150 fs) rise component,
a fast but clearly resolvable decay of 1.10 4= 0.15 ps. As shown
in Figure 4, no long population decay component can be
resolved in this region. Note that monitoring at further blue
regions was not performed due to the interference of the solvent
Raman scattering. The 1.1 ps decay component eventually
disappears when the emission wavelength is monitored at the
keto emission of, for example, 570 nm. Instead, a finite rise
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Figure 4. Time-resolved sum frequency signal of fluorescence and
gate pulse (780 nm) for diCN-HBO in cyclohexane. The solid lines
express the best exponential fitting curves.
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Figure 5. Time-resolved sum frequency signal of fluorescence and
gate pulse (780 nm) for diCN-HBO in benzene. The solid lines express
the best exponential fitting curves.
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Figure 6. Time-resolved sum frequency signal of fluorescence and
gate pulse (780 nm) for diCN-HBO in dichloromethane. The solid lines
express the best exponential fitting curves.

component of 1.2 £ 0.16 ps was resolved, followed by a long
population decay component that remained nearly constant
within the monitoring time range. The long population decay
was further resolved to be 1.1 ns by time-correlated single
photon counting technique. The risetime (1.2 ps) of the keto
tautomer emission, within experimental error, correlates very
well with the fast decay (1.1 ps) of the enol emission, suggesting
a precursor—successor type of relationship between enol and
keto tautomer species via ESPT reaction. Its rate constant was
determined to be 1.10 4 0.15 ps.

Figures 5—7 depict the time-resolved traces of diCN-HBO
in other polar, aprotic solvents. For all cases, upon monitoring
at the enol emission, its relaxation dynamics is always composed
of an ultrafast rise, together with a fast decay component. The
decay rate constant was resolved to be 1.00 £ 0.13 ps in
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Figure 7. Time-resolved sum frequency signal of fluorescence and
gate pulse (780 nm) for diCN-HBO in acetonitrile. The solid lines
express the best exponential fitting curves.
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Figure 8. Time-resolved sum frequency signal of fluorescence and
gate pulse (800 nm) for diCN-HBT in cyclohexane. The solid lines
express the best exponential fitting curves.

benzene, 0.60 £ 0.05 ps in CH,Cl,, and 0.31 £ 0.03 ps in
CH3;CN, respectively, values that reveal a tendency that increas-
ing the solvent polarity renders an increase of the rate of ESPT.
In polar solvents, the keto emission shows significantly different
relaxation dynamics as compared to that in cyclohexane. As
shown in Figures 5—7 and Table 1, the dynamics of relaxation
apparently require three exponential terms to achieve good
convoluted fits: (i) a resolvable rise component with a time
constant of 0.5—1.2 ps, which, within experimental error,
correlates well with the fast decay component monitored at enol
emission; (ii) a solvent-dependent, fast decay component of,
for example, ~1.6 ps in benzene, ~1.3 ps in CH,Cl,, and ~0.7
ps in CH3CN upon monitoring at the blue side of the keto
emission. Upon increasing the monitored wavelength in the
region of the keto emission, this fast decay component gradually
becomes the rise component, especially toward the red edge of
the keto emission. Note that the 0.3 ps rise component is
irresolvable in CH3CN due to the very similar time constant,
as compared with the ~0.7 ps decay component; and (iii) a
much slower population decay component that was resolved to
be few hundred ps to ns, depending on solvent polarity. As the
solvent polarity increases, the corresponding population decay
time of the keto emission decreases (see Table 1).

As for diCN-HBT, upon monitoring at enol emission of, for
example, 480 nm in cyclohexane, the decay time (<150 fs) was
beyond the system response of 150 fs, while the temporal
resolution at, for example, 580 nm, ascribed to the keto emission,
consists of a response limited (<150 fs) rise component and a
much longer population decay component of ~1.0 ns resolved
by single photon counting technique (Figure 8). Similar to its
parent ESPT molecule HBT,"" the results conclude an ultrafast
and perhaps barrierless ESPT for diCN-HBT in nonpolar
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Figure 9. Time-resolved sum frequency signal of fluorescence and
gate pulse (800 nm) for diCN-HBT in dichloromethane. The solid lines
express the best exponential fitting curves.
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Figure 10. Time-resolved sum frequency signal of fluorescence and
gate pulse (800 nm) for diCN-HBT in acetonitrile. The solid lines
express the best exponential fitting curves.

solvents. In polar, protic solvents, the early relaxation dynamics
of diCN-HBT are also different from that of diCN-HBO. Typical
relaxation dynamics of diCN-HBT in CH,Cl, and CH3CN are
depicted in Figures 9 and 10, respectively. Detailed fitting
parameters of early time relaxation dynamics as well as
population decay rates in various solvents are listed in Table 1.
In contrast to the finite, resolvable decay dynamics of the diCN-
HBO enol emission, the upconverted enol emission signal for
diCN-HBT could only be fitted by a system-response limited
decay time (<150 fs) in all solvents (C¢H;2, CH>Cl,, and
CH3CN) studied. As for the keto emission band, it turned out
that the experimental results were composed of three distinct
components: (i) a system response limited rise component (<150
fs); (ii) upon monitoring at the blue side of the keto emission,
a fast but resolvable decay component, which was fitted to be
0.6—1.2 ps, depending on the solvent (see Table 1). Such a
decay component gradually disappeared and became a rise
component at the red tail of the emission; and (iii) a much slower
population decay component that was resolved to be 995, 85,
and ~8 ps in C¢Hjz, CH,Clp, and CH3CN, respectively.

In brief, the relaxation dynamics for both diCN-HBO and
diCN-HBT can be generally described by three types of rate
constants: (i) rate of ESPT, which dominates the decay of the
enol emission; (ii) rate of solvent relaxation in the keto form;
and (iii) population decay rate of the keto form. Furthermore,
in the same solvent, the rate of ESPT in diCN-HBT seems to
be always faster than that in diCN-HBO. For both diCN-HBO
and diCN-HBT, upon increasing solvent polarity, the rate of
ESPT increases and the population decay time of the proton
transfer keto form decreases. It is also noted that the decrease
of population decay time correlates well with respect to the
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SCHEME 6: Proposed ESPT/ESCT Reaction/Relaxation
Dynamics Using diCN-HBO as a Model”
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¢ Note that this assumption of a parabolic potential as a function of
solvent polarity is a simplistic model and is valid only if any specific
solute/solvent interaction is neglected.

reduction of the keto emission yield observed in the steady-
state approach.

Discussion

In light of the steady state and dynamics results above, the
overall reaction dynamics can be well-described by case B,
incorporating ESPT coupled with ESCT process (see Scheme
1). An essential requirement to rationalize the above relaxation
processes of diCN-HBO (diCN-HBT) lies in the fact that PC*
has similar dipolar properties with respect to PC, while its proton
transfer tautomer, denoted by PT* (see Schemes 1, 4, and 6),
should concomitantly associate with charge transfer (see Scheme),
forming a proton/charge transfer species denoted by CPT*.
CPT* possesses a large degree of charge transfer character and
is expected to have a dipolar vector quite different from that of
PC*. Accordingly, the overall PC* — CPT* reaction dynamics
for diCN-HBO (or diCN-HBT) can be described by a two-
dimensional model incorporating proton transfer reaction co-
ordinate and solvent polarization coordinate. In Scheme 6, only
the two lowest energy proton transfer diabatic surfaces are
shown for the reactant (PC*) and product (CPT*) and labeled
according to the dominant diabatic states; PCe* and CPTeq*
denote the equilibrium solvent configurations of PC* and CPT*.
Note that a parabolic potential energy surface as a function of
solvent polarity is adopted in Scheme 6. This is justified based
on the model that solvent polarity effect is considered to be a
harmonic type of interaction. The curvature of potential surface
for CPT*, possessing a larger dipole moment, is much steeper
than that of PC*. Accordingly, the minimum (equilibrium)
energy for CPT* is solvent-dependent and should be decreased
as the solvent polarity is increased, whereas that of PC* is
assumed to be negligible and is thus not depicted in Scheme 6.

In polar solvents, because of the drastic changes of the dipole
moment upon executing the PC* — CPT* reaction, the reaction
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dynamics are expected to be incorporated with solvent reorga-
nization; consequently, a solvent polarity-induced barrier is
expected, which should channel into the reaction. This regime
of ESPT coupled ESCT process may be treated as the reactions
of electronically adiabatic proton transfer and electronically
nonadiabatic electron transfer.'* For both diCN-HBO and diCN-
HBT, such a charge transfer process takes place from the s*
electron delocalization and should proceed simultaneously at
every moment that ESPT takes place. The overall reaction
pattern is thus analogous to Marcus theory for the photoinduced

electron transfer, and the corresponding rate may be expressed
14b
as

2
k =% T _ex —AG+ =
"~ h Al ERTTP|” RT

2
COO JT

h A ERT™'P

(AGpyn+ E)’
~ RTWAE)

3

where Cj, represents the proton coupling’s quantum average
over the vibrational modes associated with the proton motion,
E, is the solvent reorganization free energy, and AG" and
AGRrxn denote the solvent-induced barrier and the reaction free
energy, respectively. Unlike the electron transfer reaction,
AGrxn may not be accessible due to the perhaps nonexistent
proton transfer species in the ground state. Because the current
femto system could not perform temperature-dependent fluo-
rescence upconversion measurement, a quantitative deduction
of a solvent-induced barrier is also not feasible. Nevertheless,
as for a qualitative approach, the trend of the increase in the
overall reaction rate in diCN-HBO upon an increase in the
solvent polarity (vide supra) can be rationalized by the decrease
of the solvent-induced barrier upon the increase in the solvent
polarity, that is, a model within the normal Marcus electron
transfer region.!> Furthermore, comparing that in diCN-HBO,
the faster rate of ESPT in diCN-HBT can tentatively be
explained by the lesser changes of dipole moment (vide supra)
and hence the reduction of the solvent-induced barrier.

Upon forming CPT*, the unfavorable polarization configu-
ration is subsequently subjected to a rapid solvent relaxation/
reorientation, that is, component ii with a time scale of 0.6—1.6
ps depending on the type of solvents, to reach an energetically
more favorable solvated configuration. After reaching the
equilibrium state CPT.q*, population decay takes place (com-
ponent iii). Note that the rate of ESPT/ESCT for diCN-HBO
(diCN-HBT) in CH3CN is faster than that in, for example,
CH,Cl,, while the associated keto emission is much weaker.
For the charge transfer emission, this result is not uncommon,
especially in strong polar solvents like CH3CN, where the
ultrafast radiationless transition is generally observed.!® Dramatic
polarity effects for the nonradiative charge transfer state (electron
separated form) — Sy (neutral form) back electron transfer have
been reported in several electron transfer systems.!” As the zero-
order gap between PC* and CPT* increases with increases in
the solvent polarity, the radiative decay rate of CPT* in this
study decreases accordingly due to the reduction in PC*/CPT*
interaction and, hence, a larger fraction of the forbidden
transition. In addition, the smaller energy gap of the CPT*
emission in higher polar solvent normally associates with faster
radiationless deactivation, an operation of the energy gap law.!8
These combinations explain the extremely weak keto emission
for both diCN-HBO and diCN-HBT in CH3;CN.

Another intriguing issue lies in the finite ESPT rate of 1.1 +
0.15 ps for diCN-HBO measured in cyclohexane. The results
are in sharp contrast to the 150 fs of ESPT for the parent
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compound HBO.!> On one hand, assuming that the dynamics
of ESIPT in diCN-HBO are free from solvent perturbation in
cyclohexane, it may imply that the charge transfer property in
diCN-HBO leads to different distribution of the charge density
from that of HBO such that the driving force (photoacidity and
basicity and so forth) for ESPT is appreciably reduced in diCN-
HBO. However, if this were the case, a similar small tunneling
term Co (see eq 1), and hence a slower overall reaction rate,
would be expected in polar solvents, which is opposite to the
results shown in Table 1. Alternatively, the relatively slow
proton transfer rate in cyclohexane indicates that solvent induced
polarization may still play a role in the ESPT/ESCT coupled
reaction in cyclohexane. In nonpolar solvents, although the
parabolic potential energy surface along the solvent coordinate
is shallow due to the much less solvent polarization stabilization,
the far separated equilibrium polarization between normal and
tautomer, as in the case of diCN-HBO, may still introduce
appreciable barrier, that is, high intersection point (see Scheme
6). It is also worthy to note that a dynamic polarization model
in nonpolar solvents has recently been proposed by Hamaguchi
and co-workers.!® Because of the large dipolar change between
PC* and CPT#* in the case of diCN-HBO, the induced dipole/
dipole interaction is considered to be non-negligible, inducing
an appreciable barrier in the ESPT/ESCT coupled reaction.

Conclusion

In summary, we report on the excitation behavior of the
proton-coupled charge transfer reaction for diCN-HBO and
diCN-HBT. The results demonstrate an example of excited-state
intramolecular proton transfer simultaneously coupled with
electron transfer process. Accordingly, dual emission was
observed, and the proton transfer emission peak wavelength was
drastically dependent on the solvent polarity. The solvent long-
range polarization interactions may induce a barrier that channels
into the proton transfer reaction. The overall reaction dynamics
can be described by a mechanism incorporating both solvent
polarization and proton transfer reaction coordinates. As the
solvent polarity increases, its induced barrier reduces, and the
overall rate of ESPT decreases, the results of which can be
qualitatively rationalized under the basis of electron transfer
theory coupled with the proton tunnelling effect. The results
and discussion presented in this study open up an experimental
prototype to probe nuclear motion (proton transfer) coupled with
the solvent polarity effect.
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