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3-Formyl-7-azaindole (3FAI) and its derivatives have been synthesized to study the role af tbite in

the excited-state double proton transfer (ESDPT) reaction. In 3FAI monomer as well as its associated hydrogen-
bonded complexes the lowest excited singlet state has been concluded to bénir*thenfiguration. The
association constants incorporating the hydrogen bonding formation were determined toxo&Qt.@313

K), 2.2 x 10* (298 K) and 1.8x 10° M1 (298 K) for 3FAI dimer, 3FAl/azacyclohexanone and 3FAl/acetic
acid, respectively, in cyclohexane. In alcohols, the rate of solvent (e.g., methanol) diffusional migration,
forming a “correct” precursor for ESDPT, is concluded to be much slower than the ratg-0fSS,»

internal conversion which has been deduced to be 4.30'? s™1. ESDPT is prohibited in the,$ state of

which the relaxation dynamics are dominated by the rate,gf-S T+ intersystem crossing. In contrast, for

3FAI dimer or 3FAl/acetic acid complex possessing intact dual hydrogen bonds the intrinsic ESDPT is
competitive with the rate of .5+ — S+ internal conversion, resulting in a prominent imine-like tautomer
emission. The results provide the first model among 7Al analogues in which the fast ratg of ..«

internal conversion serves as an internal clock to examine the mechanism of guest molecules (including the
bulk alcohols) assisted ESDPT.

1. Introduction 7Al and its analogue 7-azatryptophan have been successfully
) ] . applied to probe the solvation and/or protein dynarkic¥ The

The dual hydrogen-bonding (HB) dimer of 7-azaindole (7Al) - proton transfer dynamics of 7Al in linear-carbon-chain monoal-
has long been recognized as a simplified model for the HB basegnols have been interpreted in terms of a two-step model
pair of DNA,'"® which upon electronic excitation undergoes jncorporating solvent rearrangement to a “correct” configuration,
the double proton-transfer reaction, resulting in a large Stokes fo|lowed by a rapid proton transfer which is possibly dominated
shifted tautomer emission (e.@max~ 480 Nmin cyclohexane).  py a tunneling mechanism. In water solvents the explanations
At the molecular level, such an excited-state double proton gre somewhat scattering in terms of the fraction of correctly
transfer (ESDPT) process provides one possible mechanism forsplvated 7Al undergoing ESDPT and the relaxation pathways
the mutation which has been proposed to be, in part, due to aof the tautomer specié451%aHowever, an even slower rate
“misprint” induced by the proton-transfer tautomerism of a of the solvent reorganization at the first step is generally
specific DNA base pair during replication, recording an error accepted in water and polyalcohols (vide infra).
messagé.® Recently, much research has focused on the \qre recently, studies have been extended to the dimers of
femtosecond dynamics of double proton transfer in the 7Al 74, analogues of biological importance. Among which, purines

dimer®-19 In the gas phase, the femtosecond TOF-MS r@su_lt possessing a similar electronic moiety with respect to 7Al have
has led to an establishment of a sequential ESDPT mechanisneceived particular interet!® On the basis of a synthetic

which was further supported by the arrest of a 7Al dimer approach it has been shown that the number as well as the
cationic species via a coulomb explosion technig@n the  position of the nitrogen atom in either five- or six-member ring
basis of femtosecond fluorescence upconversion in comblnatlonsystem of 7Al alters the relative ESDPT thermodynamics,
with transient absorption techniques, Fiebig éf@iave resolved  especially in the noncatalytic type of the proton-transfer reaction.
excitation-wavelength-dependent multiexponential tautomer rise Fyrther focuses on the chemical modification of 7Al are of
times of the 7Al dimer in nonpolar solvents, which are the basis particular interest to study the substituent effect on the proton-
of a nonconcerted double-proton transfer. Consequently, theytransfer reaction. In this paper we report the spectroscopic and
concluded that on the global potential energy surface both gynamic studies of 3-formyl-7-azaindole (3FAl, see Figure 1)
trajectories of the symmetric and asymmetric vibrational motion of which the lowest excited singlet state is concluded to be in
coupled with the solvent dynamics must be considered for the the Inz* configuration in its monomer as well as in HB
proton-transfer reaction. On the other hand, via the formation Comp|exes_ Consequenﬂy, the fast rate 9,@8—» S internal

of a 7Al(host)/guest HB complex the dynamics of ESDPT conversion (IC) serves as an internal clock to examine the

incorporating guest molecules have also received considerablemechanism of guest molecules coupled ESDPT reaction.
attentiont~17 Studies of 7Al complexed to single molecules

of carboxylic acids and lactams have revealed rapid ESDPT Experimental Section

reactiont® especially for the catalytic type of reaction where

the guest molecule (e.g., acetic acid) remains unchanged during 2.1. Materials. 7-Azagramine (GH13N3), a precursor for
the reaction. In alcohols and water the dynamics of ESDPT in synthesizing 3-formyl-7-azaindole, was synthesized according
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R R CHO CHO deuterated 3FAI (3FAI(D)) and lactam (lactam (D)) was
s N SN 7 A | AN synthesized by dissolving 3FAI (or lactam) in gbD. CHs-
sl | 2 ‘ = o | =y OD was then gradually evaporated in the vacuum line. This
N7 N1 N~ N N7 N N -
74 iy oy & procedure was repeated three times and the product was stored
3

in the N, purged drybox where the sample preparation was also

normal form tautomer form IMFAI 3FMPP
U 7AT performed. The formation of 3FAI(D) and lactam(D) was
R=CHO 3FAI checked by proton NMR where92% and 90% of the NH
CHO CHO proton for 3FAI and lactam, respectively disappeared after
frg S deuteration. The deuterated acetic acid §CBOD, 98%,
< N PN Arcose) was purchased from Aldrich and used without further
B i N purification.
%[ E;']VDPT H H 2.2. Measurements Steady-state absorption and emission
N N N spectra were recorded by a Varian (Cary 3E) spectrophotometer

g - N\ s | and a Hitachi (F4500) fluorimeter, respectively. Both wavelength-
dependent excitation and emission response of the fluorimeter

CHO 3FAl dimer CHO ) | "
have been calibrated according to a previously reported méthod.
CHO CHO Room-temperature fluorescence quantum yields were measured
o\ S using quinine sulfate/1.0 N430Oy as reference, assuming a yield
< N ‘ S of 0.564 with 365 nm excitatiof. For the phosphorescence
R hy Lo measurement an Nd:YAG (fourth harmonic, 266 nm) was used
H H ESDP H § o h - I iah
o3 0o as a excitation source. The emission was co ected at a right
\f cetc acd Y angle with respect to the excitation source and detected by an
FFAlacetic act intensified charge coupled detector (ICCD, Princeton Instrument,
(HO CHO model 576G/1). Typically, 100 laser shots were collected and
B | N averaged in each data acquisition period. Naphthalene was
Sy N NN used as a standard to measure the relatively phosphorescence
n H E;%T» 5o yield, of which the phosphorescence yield was known to be
\ é g f 0.1ina 77 KEPA (v/v 2:2:5, ethefisopentaneethyl alcohol)
= 22
[j glass?
3EAlactam Nanosecond lifetime measurements have been previously

Figure 1. Structures of 7Al, 3FAI and the corresponding derivatives descr!bed.ﬁ_d Picosecond lifetime measurements were achieved
and HB complexes. by using either second (38@20 nm) or third (266-275 nm)
harmonic of the femtosecond-F8apphire oscillator (82 MHz,
to Robison and Robiso.The crude product was purified by Spectra Physics) as an excitation source. An Edinburgh OB
column chromatography using ethyl acetate as an eluent t0900-L time-correlated single photon counter was used as a
obtain 7-azagramine. NMR analyse&1 NMR (400 MHz, detecting system. Since the fwhm of the excitation pulse is
CDCls) 6 2.266 (s, 6H), 3.608 (s, 2H, Gl 7.079 (m, 1H),  typically ~120 fs, the resolution is limited by the detector
7.256 (s, 1H), 8.037 (dJ = 6.32 Hz, 1H), 8.306 (d) = 3.2 response of~30 ps. The fluorescence decays were analyzed
Hz, 1H), 10.22 (b, 1H). by the sum of exponential functions with an iterative convolution
3FAl was prepared through the hydrolysis of 7-azagrarffine. method reported previous. This procedure should allow
The crude product was purified by recrystallization from water partial removal of the instrument time broadening and conse-
followed by column chromatography using ethyl acetate as an quently renders a temporal resolution-e15 ps.

eluent.'H NMR (300 M Hz, CDC}) 6 7.31 (m, 1H), 8.02 (s, The nanosecond purmprobe transient absorption experiment
1H), 8.45 (m, 1H), 8.65 (m, 1H), 10.05 ( s, 1H, CHO), 10.89 was performed by using a modified flash lamp (EG&G model
(b, 1H, NH). LS-1130,~50 ns pulse width) as a white-light probe pulse. A

1-Methyl-3-formyl-7-azaindole (LMFAI) was synthesized by  cylindrical lens was used to shape the pump Nd:YAG 355 nm
adding sodium hydride (57%, 60 mg) to the THF solution (~8 ns, Continuum Surlite Il) pulse to a rectangular size of 40
containing 3FAI (0.15 g), followed by the addition of methyl x 2 mn®. The white-light probe pulse was then collected by
iodide (30 mg).*H NMR (CDCls, 200 MHz): ¢ 3.99 (s, 3H), an optical fiber, collimatedya 5 cmfocal length lens, and
7.22 (t,J = 3.2 Hz, 1H), 7.82 (s, 1H), 8.40 (d, = 3.2 Hz, skimmed by a slit to obtain a & 2 mn?® rectangular shape
1H), 8.52 (d,J = 6.4 Hz, 1H), 9.92 (s, 1H). before entering the sample cell. Both pump and probe pulses

3-Formyl-7-methyl-H-pyrrolo[2,3b]pyridine (3FMPP, see  were crossed by a 9@ngle with an overlapping distance of 4
Figure 1) was synthesized by the reaction of 3FAI (0.15 g) and cm. The probe white light pulse, after passing through the sam-
CHal (0.70 g) in THF under B NaOH (2.5 N, 10 mL) was  ple solution, was focused on the entrance of the slit (300
then added and the mixture was stirred 20 min to obtain  of the ICCD system. With an average of 100 shots an absorbance
3FMPP (60 mg)*H NMR (CDCls, 200 MHz): 6 4.44 (s, 3H), as low as 108 can be detected in the spectral range of-300
7.22 (t,J = 8.0 Hz, 1H), 7.83 (d,J = 6.4 Hz, 1H), 8.44 (s, 700 nm.
1H), 8.87 (d,J = 7.8 Hz, 1H), 10.03 (s, 1H). Details of the theoretical approach (6-31G(d,p)) for the

Cyclohexane and various alcohols are of spectrograde qualitythermodynamics of 3FAlI HB complexes in the ground state
(Merck Inc.) and used right after received. Acetic acid (Merck has been previously describ&dThe calculation of the lower
Inc.) was purified through a fractional distillation. Azacyclo- lying excited singlet states was performed by either Cis (singlet,
hexanone (Aldrich) was recrystallized twice from methanol. Nstats= 6)24 or Td (singlet, Nstats= 6)25-2” method incorpo-
Since the stable conformer of 2-azacyclohexanone is in therating B3LYP/6-31#+G(2d,p) basis sets. However, both
lactam form we thus use the abbreviation “lactam” in order to methods give negligible differences regarding the lowest energy
distinguish it from the “lactim” form (see Figure 1). The N(1) level of the singlet excited state in 3FAI.
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Figure 2. (—) Concentration-dependent absorption spectra of 3FAI
in cyclohexane, in which 3FAIQ,) was prepared at (a) 2.8 1075,

(b) 5.6x 1075, (c) 1.7x 1074 (d) 3.8 x 1074 and (e) 8.6x 107* M.

The absorption spectra are normalized at 260 nm. (- - -) Absorption
spectrum of IMFAI (1.0x 10°° M) in cyclohexane. Inset: Plot of
Co/(A% — 30%C) values versus T for a—e and a best nonlinear
least-squares fitting curve using eq 1.

The following sections are organized according to a sequence
of steps where we first performed detailed absorption and
fluorescence titration experiments to determine the thermody-
namic and ESDPT properties of 3FAI HB complexes. The
results in combination with triplettriplet transient absorption
measurement and low-temperature phosphorescence experimen
lead us to deduce the competitive rate gfS> S, IC versus
the rate of proton-transfer reaction. On the basis of this proposed
IC/ESDPT mechanism proton-transfer tautomerism mediated by
various types of the guest molecule was discussed in details.

3. Results

3.1. HB Association.When the concentration was prepared
to be as low as 8.& 1076 M, 3FAI exhibits the firstt — z*
absorption band maximum at 282 neags ~ 6214 M~ cm™1).

The spectral feature is similar to that of 1-methyl-3-formyl-7-
azaindole (1MFAI) that is generally treated as a nonproton-
transfer model due to the lack of an-¥ proton. Thus, the
assignment of the 282 nm band to the amine-like monomer

species is unambiguous. Upon increasing the concentration,

changes in the spectral features were observed in which a re
shift of the spectra appears in the spectral range 280 nm
(see Figure 2ae). Note that due to the sparse solubility in
nonpolar solvents the titration experiment was performed in
cyclohexane at 313 K (4%C). In comparison, 1MFAI revealed
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In eq 1ew and ep are molar extinction coefficients of the
monomer and dimer monitored at a specific wavelength, e.g.,
300 nm, where an appreciable percentage of absorbance can be
attributed to the self-associated species. Under a sufficiently
low 3FAI concentration where only monomer exists’ was
calculated to be~930 M1 cmL. A plot of Co/(A — emCo) at

300 nm as a function of € shown in the inset of Figure 2
reveals a sufficiently linear behavior, supporting the assumption
of dimeric formation in 3FAI. Accordingly, by fixing they
value, a linear least-squares fit using eq 1 givég &alues to

be 1.9x 10* M~ (313 K) in cyclohexane.

Figure 3 shows the absorption spectra of 3FAI upon adding
the acetic acid in cyclohexane. In this experiment, the initial
concentration of 3FAIC,, was prepared to be as low as %5
107% M to avoid the self-dimerization. The formation of 3FAI/
acetic acid HB complexes can be clearly shown by the growth
of an absorption band at-297 nm accompanied by an
appearance of isosbestic point at ca. 285 nm throughout the
titration, indicating the existence of equilibrium with a common
intermediate. On the basis of the assumption of 3FAI complexed
by stoichiometrically equivalent guest molecules (e.g., acetic
acid), the relationship between the measured absorbance as a
function of the initially prepared acetic acid concentratiGg,

can be expressed By

Ao _
A—Ay

whereey andec are molar extinction coefficients of the 3FAI
monomer and HB complex, respectively at a specific wave-
length. The straight-line plot oAy/(A — Ap) as a function of
1/Cy at a selected wavelength of 300 nm (see inset of Figure 3)
supports the validity of the assumption of a 1:1 3FAl/acetic
acid complex formation. Consequently, a best linear least-
squares fit using eq 2 deduced® and K, to be 2742 M1
cmland 1.8x 10° M1, respectively. Remarkable 1:1 3FAI/
lactam HB association was also observed in the absorption
titration study, and &, value was determined to be 2210*
M~1 (298 K, see Table 1). In comparison, although 1MFAI
provides one hydrogen-bonding site (i.e., the pyridinal nitrogen)

egligible spectral change was observed upon adding either

cetic acid or lactam with concentrations up to101. The
result unambiguously supports the formation of cyclic dual
hydrogen bonds in both 1:1 3FAl/acetic acid and 3FAl/lactam
complexes.

3.2. Emission Properties of the 3FAIl.Table 1 lists the

ts 1

K.C

€m

+1 )

c” €M

an unchanged absorption profile in the same range of concentrasteady-state emission properties as well as relaxation dynamics

tions as 3FAI. The results suggest the formation of 3FAI dimer
and/or higher-order aggregates through a hydrogen bonding
effect. Similar to that proposed in 7A%,we assume that the
geometrical structure of the 3FAI dimer possesses a cyclic dual
hydrogen bonding configuration (see Figure 1) where the dual
HB sites, i.e., pyrrolic proton (N(1)H) and the pyridinal nitrogen
(N(7)) in 3FAI, act as a proton donor and acceptor, respectively.
Consequently, a competitive equilibrium between the monomer

for 3FAI and its HB species in cyclohexane. In contrast to the
prominent normal monomer emission in the case of 7.
~ 320 nm with®s ~ 0.22 in cyclohexaré¥, an attempt to
detect the fluorescence associated with 3FAI mononsdr.q
x 107® M in cyclohexane) in the spectral range €850 nm
failed. Similar nonluminescence behavior was observed for
1FMAI in room temperature cyclohexane. Upon increasing the
3FAI concentration, a unique long-wavelength emission maxi-

and its self-associated dimer incorporating dual hydrogen bondsmum at 437 nm gradually appears (see Figure 4). At an initially

can be established. When the experimental condition was
manipulated so that the fraction of 3FAI dimer formation is
less than 15%, the absorbance of the mixture at a given
wavelength as a function of initially prepare@, can be
expressed by

prepared concentratioy of < 102 M where the dimer
concentration is significantly lower than that of the monomer,

a plot of the inverse of 437 nm emission intensity versi@?/
reveals a straight line behavior. The results suggest the precursor
of the 437 nm band to be the 3FAI dimer. Further supporting
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Figure 3. Concentration-dependent absorption spectra of 3FAI (9.4
x 1078 M) in cyclohexane by adding various acetic acid concentrations
(Cy) of (@) 0, (b) 1.7x 10°%, (c) 3.3x 10°%, (d) 5.0x 1075, (e) 6.7x
1075, (f) 1.0 x 1075, (g) 1.5x 1075, (h) 2.0x 1075, (i) 4.0 x 1075, (j)

7.6 x 1075 and (k) 2.0x 104 M. Inset: Plot ofAy/(A — Ag) at 300

nm as a function of Ty in curves b-k and a best least-squares fitting
curve using eq 2.

evidence can be given by the excitation maximum of 290 nm
which is~8 nm red shifted with respect to that of the absorption

spectrum mainly attributed to the monomer (see Figure 4).
Consequently, the 437 nm emission band with a Stokes shift of
~10* cm™! (peak-to-peak) leads us to conclude the occur-

rence of ESDPT in the 3FAI dimer, resulting in a tautomer

emission. This viewpoint can be further supported by the
observation of a 458 nm emission ¢ 12.3 ns) for 3FMPP in

cyclohexane (Figure 4). Note that 3FMPP generally serves as

a model of the 3FAI tautomeric form (see Figure 1). The dimeric
tautomer emission shows an unresolved rise time followed by
a single-exponential decay rate of x310° s* (7t ~ 7.7 ns),
indicating that the rate of ESDPT for the 3FAI dimer should
be >15 ps! of our system response time (see the Experimental
Section).

Figure 5 shows the fluorescence spectra of 3FAI as a function
of acetic acid concentrations in cyclohexane. Upon excitation
in the region of the isosbestic point 6285 nm where both
3FAl and 3FAl/acetic acid complex absorb, an enormously large
Stokes shifted fluorescence was observed maximum4s
nm. The dynamics of relaxation of this 445 nm emission band
were found to be excitation-wavelength independent and
revealed a single-exponential decay rate of &910" s!

(rr ~ 11.2 ns) in the spectral region of 40650 nm. The
large Stokes shift of10 000 cn1! leads to the assignment of
the 445 nm band to the tautomer emission unambiguously.
Furthermore, a careful lifetime analysis shows an unresolved

rise of the tautomer emission under a system response time

of ~15 ps. Similarly, a unique tautomer fluorescence (440
nm, 7 ~ 7.8 ns) was also observed upon exciting the 3FAI/
lactam dual HB complex (see Table 1). However, the ob-
served fluorescence yield is onty6.7% of the 3FAl/acetic

acid complex. Note that for the three studied HB complexes

Chou et al.

the relation depicted in eq 3

. ) 11
F_p = (2.3l g€ P Co) 1(1 * EEQ)

3)
whereCy represents the added acetic acid (or lactam) concentra-
tion, Fp denotes the integrated fluorescence intensliyys is

the measured tautomer fluorescence quantum yleldnd o
denote the instrument factor (such as sensitivity, alignment, etc.)
and the excitation source intensity, respectively. During the
titration experiment where the detection geometry, excitation
intensity and the initially prepared 3FAI concentration remain
unchanged, the plot of &} versus 1€ shown in the inset of
Figure 5 exhibits good linear behavior, reconfirming the
formation of a 1:1 3FAl/acetic acid dual HB complex. A best
linear least-squares fit gives the slope and intercept to be 3.1
107 and 0.034, respectively. ConsequentlyKavalue of 1.1

x 10° M~! was obtained. On the basis of the same approach a
Kavalue was deduced to be 2810* M~ for the 3FAl/lactam
complex. Both results, within experimental error, are consistent
with that obtained from the absorption titration study.

Deuterium isotope effect in the steady-state emission intensity
was observed among the three studied 3FAl/guest HB com-
plexes. The tautomer emission intensity of 3FAI(D) dimer,
3FAI(D)/acetic acid(D) and 3FAI(D)/lactam(D) was found to
be 0.64, 0.71, and 0.40 relative to their corresponding nondeu-
terated HB complexes. Note that such a significant isotope-
dependent tautomer emission intensity was not observed in the
cases of three corresponding 7Al HB complexes in cyclohexane.
Details will be elaborated in the discussion section.

In alcohols differences between 3FAl and 7Al are even more
remarkable. In methanol 3FAI exhibits an extremely weak
tautomer emission maximized at 460 nm. By integrating the
emission intensity and comparing with that of the 7Al tautomer
in methanol of which®,,swas known to be 2.4 1073,14Pone
obtained anPypsvalue of 9.5x 107° (see Table 1). Extremely
weak tautomer emission was also observed in other linear-chain
alcohols such as ethanol and propanol. For all alcohols studied
no emission band ascribed to the normal emission was detectable
in the spectral region of 360400 nm. Intert-butyl alcohol and
polyalcohols such as ethylene glycol the tautomer emission was
too weak to be detected. When the fluorimeter was operated
under the same amplification and optical configuration through-
out the study the sensitivity limit defined as the signal/noise
ratio to be <3 was estimated to be-3.0 x 1075 We thus
concluded that the yield of tautomer fluorescence of 3FAI in
tert-butyl alcohol, if there is any, should be as low as %0
1075, In comparison, prominent dual emission consisting of
normal and tautomer fluorescence was observed for 7Al in linear
long-chain monoalcohols as well as polyalcohofsl15

4, Discussion

4.1. Relaxation Pathways in 3FAI. The nonluminescent
behavior of 3FAI in the monomeric form is intriguing. In
comparison, a high quantum yiel®{(~ 0.22) of the monomer

normal emission was not detected in the spectral range of emission has been reported for 7Al in cyclohex&he For the

300—-400 nm. Detailed discussion regarding mechanism of IC/
ESDPT competing dynamics will be presented in the later
section.

Because of the lack of normal fluorescence for both 3FAI

case of 7Al monomer, there exist two close low-lying excited
singlet states possessing the* character, which are generally
assigned téL, and'L, states. This assignment is analogous to
those defined in the linear condensed polyac&mexl indole®

monomer and its associated HB complexes, the tautomerwhere L, and L, states are different in the nodal distributions

emission in 3FAl/acetic acid and 3FA/lactam HB complexes is

of their wave functions, resulting in a difference in the dipole

well resolved. Hence, the association constant can be obtainednoment. A semiempirical approach suggests #hestate to
more precisely from the fluorescence titration studies based onbe the lowest excited singlet state in 7Al, while fihg state is
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TABLE 1: Thermodynamic and Photophysical Properties of 3FAI and 3FAI HB Complexes and Its Methylated Derivatives in
Cyclohexane

absorptioMmax (nm) florescencélmax (nm Dops 71 (NS) Ka(M™1) (298 K)

3FAI 282, 255 NA NA NA

286, 260 460 9.5x 10°° ~8.3
3FAIl dimer 290 437 0.021 7.7 1.% 10%d
3FAI(D) dimer 239 437 0.013 7.8
3FAI/ACID® 2922 445 0.042 11.2 1.& 10°
3FAI(D)/ACID(D) 29 445 0.030 11.3 1.% 10P¢
3FAI/LACTAM 2922 440 0.0028 7.8 2. 10¢
3FAI(D)/LACTAM(D) 2922 440 0.0011 7.8 2.& 10
1IMFAI 290 NA NA NA
3FMPP 375, 425 458 0.085 12.3

0.0® 11.3

2Values were obtained from the fluorescence excitation specttdims value is subject to a larger uncertainty due to the extremely weak
emission intensity¢ ACID denotes acetic acid.Values were obtained at 313 KData were obtained from the fluorescence titration experiment.
fThe first vibronic peak of the S, (wz*) transition. 9 Data were obtained in methanol. NA: not available.
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Figure 4. (—) A. Concentration-dependent fluorescence spectra of

3FAl in cyclohexane, in which 3FAI was prepared at (a) ¥.1.0°5, . -
(b) 5.6x 1075, (C) 2.5x 1074, (d) 5.7x 104, and (€) 8.6x 10~ M. concentration (g which was prepared to be (a) 0, (b) 71077, (c)

Figure 5. Fluorescence spectra as a function of the acetic acid

B. Excitation spectrum of sample c¢. monitored at 440 nm) (The 3.3 x 1077, (d) 6.7x 1077, (e) 1.0x 1075, (f) 1.7 x 10°%, (g) 2.3 x

; ; 1075, (h) 3.3 x 10°%, (i) 5.6 x 1075 (j) 1.1 x 1075, and (k) 2.5x
absorption spectrum of sample c. (- - -) Absorption and fluorescence ' : J . ! P
spectra of 3FMPP in cyclohexane (156 105 M). Inset: Time- 10°°. Inset: Plot of 1F, of the integrated 450 nm emission band as a

dependent fluorescence of 3FAI (10102 M) monitored at 450 nm fur)ction of 1Cq in curves b-k and a best least-squares fitting curve
(Aex 300 nm) fitted by one single-exponential decay<(7.7 ns 2 = using eq 3.
1.005).

) szt state should carry oscillator strength much higher than that
higher in energy by~2000 cm! in the gas phas®.In the of the n7" level. Consequently, a fagtz* — nz* IC should
solution phase, due to the solvation effect these two excited take place prior to théLy (or IL;) — Sy relaxation, resulting in
sates are believed to be located even more closely sindeghe  a ~unity population in the $- state. Owing to the orbital
and'L;, bands are essentially unresolved on the basis of a steady{forbidden S« — S transition the deactivation of the, state
state fluorescence excitation anisotropy experim&nThe is expected to be dominated by intersystem crossing (ISC). Thus,
carbonyl substitution at the C(3) position of 7Al, forming 3FAI, an appreciable population in the triplet state is expected, of
does not likely change the location of,land L, state which the relaxation dynamics are commonly dominated by
significantly, as indicated by the similar absorption spectrum radiationless pathways in solution phase at ambient temperature.
in the region of 276-300 nm between 7Al and 3FAI. However, Such a consequence rationalizes the nonluminescence behavior
a salient absorption feature maximized at ca. 255 nm for 3FAI of 3FAL
is absent in the case of 7Al monomer (see Figure 2). In lightof ~ To verify this proposed relaxation mechanism, several at-
the structural difference between 7Al and 3FAI being the formyl tempts focusing on identifying the triplet state were carried out.
functional group at the C(3) position the 255 nm absorption In a 77 K methylcyclohexane glass, 3FAI exhibits a phospho-
band is then tentatively assigned to be a highly excitge~S rescence maximum at 525 nm (Figure 6) of which the emission
S, (n > 1, ) transition in 3FAI incorporating the carbonyl  yield (@) and lifetime ¢,) were measured to be ca. Foand
o electron. Accordingly, the carbonyl oxygen should also 1.5us, respectively. We also carried out a nanosecond transient
introduce an n~ st* transition which is plausibly in the lowest  absorption measurement. Inset of Figure 6 reveals the transient
excited singlet state. This proposal can be qualitatively supportedabsorption spectrum of 3FAIl in degassed cyclohexane upon 266
by an ab initio approach based on the B3LYP/6-8%15(2d,p) nm excitation. The decay of the transient absorption, within
basis sets (see the Experimental Section) which estimates theexperimental error, follows single exponential kinetics with a
lowest singlet excited state to be a forbidden transition (oscillator lifetime of ca. 800 ns. The rise time is too fast to be resolved
strengthf ~ 0) located at-327 nm in the gas phase. In contrast, by our current transient absorption system of ca. 30 ns. The
the allowed L, band was calculated to be the lowest singlet decay dynamics are strongly quenched by the additionof O
excited state in 7A$! Upon a Franck Condon excitation, the ~ with a quenching rate of~2.2 x 10° M~ s1 which is
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has originally been proposed to be due to the slow solvent
reorganization to an appropriate precursor favorable for a relayed
type of double proton transfer. The results have been subse-
quently reconfirmed through more detailed studies based on a
time-resolved photon counting technigt#el®> Consequently, a
two-step coupling proton-transfer mechanism has been proposed
and depicted in Scheme 1 where * denotes the excited singlet

Figure 6. Time-dependent spectral evolution of the phosphorescence state. The initially predominant species populated in the excited

of 3FAl in a 77 k methylcyclohexane glask{~ 266 nm) at (a) 320

ns, (b) 350 ns, (c) 450 ns, (d) 550 ns, (e) 650 ns, (@s1(g) 1.5us,

(h) 2.5 us, (i) 4.5us, and (j) 10us. Note that an extremely low
concentration of 1.6« 10°7 M was used in this study to minimize the
low-temperature aggregation of 3FAL Inset: the transient absorption
spectrum of 3FAI (1.0x 1075 M, Aex ~ 266 nm) in the degassed
cyclohexane. The spectrum was obtained at a pupnpbe delay time

of 200 ns.

approximately one-ninth of the diffusion-controlled rate in
cyclohexane. Since the triplet state with its energy>&000
cm~1is commonly deactivated by Ghrough an energy transfer
mechanism, i.e., T+ 30, — S + 10,, the observed transient
absorption with nearly diffusion-controlled,@uenching rate
can be reasonably ascribed to the tripleiplet transition3? On

the basis of the electronic configuration and the group-theoretical

argument in combination with numerous experimental results,
El-Sayed* concluded that the rate of ISC should qualitatively

be 3 orders of magnitude larger between states with different

configuration (such asS(n7*) — T(wa*) or S; (wa*) —
T(nz*)) than the same configuration (such aqi$t*) — T(nz*)
or Sy(zm*) — T(zzr*)). Probable estimates are°t010° s~1 and
10°—10° s~ for the former and latter cases, respectively. If the
rate of ISC is the dominant deactivation process in the Sate,
the result of ax 30 ns rise time for the triplet-state population
suggests a fastpg — T, ISC.

4.2. Photophysics in Hydrogen-Bonded Complexed.he
In — #* transition normally corresponds to a hypsochromic

shift when the corresponding nonbonding valence electrons are

directly involved in the HB formation. Such an effect can be
rationalized by the stabilization of lone pair electrons upon
forming a hydrogen bond. However, for 3FAl/guest HB
complexes the dual hydrogen bonding formation mainly incor-
porates pyrrolic N-H (proton donor) and pyridinal nitrogen
(proton acceptor), while the carbonyl oxygen does not play a
role in the HB complex formation. Accordingly, it is reasonable
to assume that theps configuration remains in the lowest
excited singlet state even upon forming 3FAl/guest HB com-

plexes. On the basis of this proposed mechanism we first focus

on the dynamics of ESDPT of 3FAI in alcohols. Subsequently,
the discussion regarding the relaxation dynamics of 3FAI dimer
and 3FAl/guest HB complexes is presented.

3FAIl in Alcohols The dynamics of excited-state proton
transfer of 7Al in alcohols have been extensively studied. Using
a picosecond transient Kerr-gating techniqgue McMorrow and
Aartsma! have concluded that the proton-transfer reaction time,

state is ascribed to the A* state which represents a nonspecific
HB configuration except for the cyclic dual HB type (i.e., the
B* state). The first proton-transfer step incorporates a slow rate
of solvent reorganizatiok; to the B* state which possesses a
correct geometry for the proton transfer to proceed, coupled
with a reverse rate of solvent randomization to any com-
plex formation unfavorable for the proton transfer to proceed.
Once in the B* state a competitive rate of intrinsic proton-
transfer reactiorkyy may take place, forming the tautomer
species. Although the solution of the coupling kinetic expression
shown in Scheme 1 may not be straightforward, simplification
can be made based on the much slower solvent reorganization
ratek; relative to thek—, and/orky. As a result, a steady-state
approach can be made for the B* state, and the overall rate of
excited-state relaxation dynamidsy,, in the A* state can be
expressed as

_ ikt kak s+ Kk
kit Ko

In the case of 7Alka is much smaller thark;, k-1 and Ky,
Consequently, eq 4 is dominated by the rate of proton-transfer
process, which can be further discussed based on two extreme
cases. When the intrinsic proton-transfer fgtés much faster
than k-; (case 1), the overall proton-transfer rate can be
expressed as

(4)

Xn

Koxn = kg ®)

In this case the overall rate of proton-transfer reaction is mainly
determined by the slow solvent reorganization dynamics.
Conversely, for case 2 it is assumed that the proton-transfer
ratekp is relatively slower thai—1. Thus,kxn can be expressed

as

(case 1)

Ky

P

In this case, the solvation thermodynamics (ik&q = ki/k-1)
coupled with an intrinsic proton transfer rate describe the overall
reaction dynamics. Both cases explain the slow solvent-
dependent proton-transfer dynamics in various alcohols equally
well. However, more detailed isotope, solvent polarity experi-
ments revealed certain discrepancies between two proposed
mechanism$*1> More recently, Mentus and Maroncéffi

ern =

(case 2)

(6)

depending on various alcohols, is in the range of few hundred applied a computer simulation on the fractional population of
picoseconds. Such a time scale is exceedingly slower than theA* and B* states as well as the corresponding molecular
subpicosecond proton-transfer time of the 7Al dimer possessingdynamics of solvation. The results lead to a conclusion toward

intact cyclic dual hydrogen bonds? The slow reaction rate

the solvation equilibrium controlled mechanism. They further
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estimated the intrinsic proton transfef rate to be ca. 0.3 p3$
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an unusually largéa value can be reasonably attributed to a

in methanol, which is on the same order of the magnitude as fast rate of $,+ — Sy~ IC.

that obtained experimentally from the 7Al dimer possessing
intact dual hydrogen bonds?Nevertheless, both mechanisms

The above kinetic derivation is base on a stance that the
proton-transfer reaction is prohibited in thg,Sstate for the

derived above are in agreement regarding a slower specificcase of 3FAI HB complexes. Although this happens to be the

solvent reorganization rate which is normally on the order of
several hundred picoseconds and is even slow#&ms) in water
and polyalcohols.

Because of the extremely weak tautomer emission for 3FAI
in various alcohols, the possibility of ground-state thermally

first case in 7Al analogues, the proposed unfavorable proton
transfers in the g+ state is not uncommon. Cases of the‘n

andzr* states mixing based on the theoretical approach have
been reported in several excited-state intramolecular proton
transfer (ESIPT) molecules. For example, the OCCCN ring in

assisted formation of the double-hydrogen-bonded alcohol 1-amino-3-propenal has been treated as a model for the 2-(2

complex of 3FAI (such as in structure B of Scheme 1) which,

hydroxyphenyl) benzothiazole (HBT) and 2-{&droxyphenyl)-

upon direct excitation, gives rise to the tautomer emission has benzoxazole (HBO) which undergo excited-state intramolecular
to be considered. However, such a possibility may be discountedproton transfer (ESIPT) reactiGh Ab initio calculations give

by the deuterated 3FAI (3FAI(D)) experiment. In the deuterium

an nt" and anzz® excited states that are nearly isoenergetic

isotope experiment we found that the tautomer emission intensityfor geometry identical to that of the enol ground state.

of 3FAI(D) titrated by CHOD in cyclohexane is~40% of the

Optimization of geometry in the excited-state results in an enol

nondeuterated 3FAI. If fast ESDPT takes place through the minimum of the " state with a high barrier for proton transfer.

direct excitation of structure Bpy is expected to be-1 for
both 3FAI and 3FAI(D). Assuming similar tautomer emission
efficiency @) for 3FAI(D) and 3FAl in cyclohexane (vide
infra), the observed tautomer emission yidghs (=PpPc) is

As for another example, ab initio calculations @hydroxy-
benzaldehyd® ando-hydroxyacetophenoféhave predicted no
barrier of ESIPT in the first excited.$ state. Whereas the
ESIPT in the &+ state possesses a substantial barrier. For the

expected to be independent of deuterium substitution. This case of 3FAl, thelnz* configuration is expected to increase
proposed mechanism contradicts the observed deuterium isotopéhe electron donating ability of the carbonyl oxygen, hence

effect on the tautomer emission intensity. Alternatively, the
extremely weak tautomer emission for 3FAIl in various alcohols

increases the electron density in the pyrrolic system. The
consequence may lead to a decrease of the-N{lacidity,

can be rationalized based on the same framework of the above+esulting in the frustration for ESDPT. Further theoretical
proposed mechanism (see Scheme 1 and eq 4). However, th@pproaches will be of interest to resolve this issue. The decay

rate of nonproton-transfer decay channel (kg.) in state A*

is no longer negligibly slow due to a fast®— Sy« IC. Thus,

the mechanism of ESDPT of 3FAl in alcohols is mainly based
on a slower solvent reorganization rate in competition with a
much faster $+ — Sy IC. The fraction of proton-transfer
process versus the overall relaxation dynantgs, is deduced

to be eitherdy = ki/(ki + ka) ~ ki/ka or @yt = [(ka/K-1)Kod/
[(ka/K-1)kpt + ka] ~ [(Kai/k-1)kod/Ka, depending on which model,

dynamics in the $+ state are thus dominated by intersystem
crossing and internal conversion, rationalizing the lack of normal
fluorescence for 3FAI in alcohols.

3FAIl/Guest Dual HB Complexels contrast to the extremely
weak or none luminescence behavior of 3FAI in alcohols, the
observation of a unique, relatively much stronger tautomer
emission among 3FAI dimer, 3FAl/acid and 3FAl/lactam
complexes is intriguing. Because of the nearly unaffected

i.e., solvation dynamics or thermodynamics, used to elaboratecarbonyl oxygen in the dual hydrogen bonding formation it is
the ESDPT dynamics in alcohols. For the convenience of the reasonable to conclude that,Sis also in the lowest excited

following discussion we simply use a notatikg to represent
the rate of overall proton-transfer reaction. As a reshij,can
be generally expressed las/ka in the case of 3FAI in alcohols.

singlet state for three studied 3FAI HB complexes. As concluded
in the absorption and emission titration experiments these three
3FAI HB complexes should possess intact cyclic dual hydrogen

The experimentally observed fluorescence yield of the tautomer bonds. This viewpoint can be supported by a theoretical

emission (i.e., C*) can be expressed®g,s = P Pc where

approach (6-31G(d,p)) in which the calculation based on a dual

d is the fluorescence quantum yield of the tautomer emission HB geometry estimates a large formation enthalpy-0.79,

under the condition ob, = 1. Although®. was experimentally

—12.86 and—11.74 kcal/mol for 3FAI dimer, 3FAl/acetic acid

unobtainable, a reasonable approach can be made by assumingnd 3FAl/lactam, respectively. Note that for the 7Al dimer
that both 3FAI tautomer and 3FMPP have the same radiative possessing intact cyclic dual hydrogen bonds ESDPT takes place
decay rate. The emission yield and decay rate of 3FMPP werewith a negligible geometry adjustment, resulting in an ultrafast

measured to be 0.07 and 810" s™1, respectively in methanol
(see Table 1), hence a radiative decay rate of 6.20° s71

intrinsic proton-transfer reaction time afl ps?1%Accordingly,
a large-amplitude reorientation of the guest molecule is not

was deduced. The tautomer decay rate of 3FAI in methanol necessary upon executing the ESDPT reaction, and hence

was measured to be 1.2 10° s71 (see Table 1) we then
calculated to be 0.052 for 3FAl(tautomer) in methanol. Giving
Dops = Ppidc WhereDqps and d¢ were 9.5x 107° and 0.052,
respectively, a value obp; of ~1.83x 10 3 was then deduced.

Scheme 1 can be simplified to Scheme 2 for the three studied
HB complexes (only the 3FAI dimer is shown in Scheme 2).
In Scheme 2 whethe, incorporates concerted or sequential
process is not known at this stage and is irrelevant to the

In another approach, both 7Al and 3FAIl possess a similar following discussion. Upon an allowed-x* excitation to the
molecular structure on the proton donating and accepting sitesS,,~ state (thel'L, or 1L, band, or a state mixing betweédn
where the dynamics of ESDPT are rate limited by the solvation and L,) competitive relaxation pathways take place between a
thermodynamics (or dynamics) in alcohols. Thus, it is reasonablefast S, — Sy IC and an intrinsic rate of proton-transfer

to take the solvent incorporated proton-transfer rate af B
st (~125 pd% for 7Al in methanol to be thd value for
3FAI in methanol. Sinceb, can be expressed &s/'/ka, aka

reaction, k. The fraction for each individual deactivation
process can be qualitatively estimated as follows. The observed
yields of tautomer emissiodqps for 3FAI dimer, 3FAl/acetic

value, i.e., the decay rate attributed to the nonproton-transferacid and 3FAl/lactam complexes were measured to 0.021, 0.042

processes, is deduced to be 437202 s 1 (~230 fs'1). Such

and 0.0028, respectively. Similar to that derived in methanol it
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SCHEME 2 For all studied 3FAI HB species appreciable population in
s - the normal triplet state is expected. Accordingly, a key question
L PN —k' regarding the double proton transfer in the triplet state, i.e., T
— <P S — T' (prime denotes the tautomer species) is intriguing. We
o have attempted to perform the triptdtiplet absorption mea-
- JS surement in the concentrated 3FAI. Unfortunately, since the
- 1 | \U(* spectral profiles remain unchanged during the time-dependent
X spectral evolution this issue cannot be resolved at this stage.
On one hand, the result may indicate the prohibition of the T
: — T' proton transfer reaction. On the other hand, it might
B N s ] indicate that ESDPT in the triplet state takes place at a time
Ji—\E j scale much shorter than the system response time of 30 ns so
that the observed transient spectra mainly correspond toithe T
A c* — T, transition. Further studies focusing on the dynamics of
proton transfer reaction in the triplet state for 3FAlI HB
is also reasonable to assume a similar radiative decay ratecomplexes are currently in progress.
between 3FMPP and 3FAl(tautomer) HB complexes in cyclo-
hexane. Giving the emission yield and decay rate of 3FMPP to Conclusion
be 0.085 and 8.1x 10" s! (see Table 1), a radiative decay
ratek. of 6.9 x 10° st was then deduced in cyclohexane. The
lifetime of the tautomer emission for each 3FAl/guest complex
has been measured and shown in Table 1. Consequédrily,
was calculated to be 0.053, 0.077, and 0.054 for 3FAI dimer,
3FAl/acetic acid and 3FAl/lactam, respectively. The relatively
smaller ®. value with respect to that of 3FMPP can be
rationalized by the HB effect in 3FAl(tautomer)/guest com-
plexes, which may induce additional radiationless decay chan-
nels. On the basis of the relation @y = Pops /P, Ppr Was
then calculated to be 0.40 and 0.55 for 3FAI dimer and 3FAI/
acetic acid complex, respectivel®,; can be further expressed
as®p = Kyl (Kot + ka) according to Scheme 2. Since the rate of
Swr — Sy IC is commonly independent of solvents it is
reasonable to adopt samk@ (IC) rate of 4.37x 1012 st
estimated in methanol for three studied 3FAI HB complexes.
Accordingly, an intrinsic proton-transfer ratg of 2.91 x 102
s1(343 fs'1) and 5.34x 102571 (187 fs'1) was deduced for

3FAl dimer and 3FAl/acetic acid complex, respectively. These Acknowledgment. This work was supported by the National

values are qualitatively in agreement with the rate of proton . il Tai R N 7-2119-M-194-002
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