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The enot-keto proton-transfer tautomerism of 7-hydroxyquinoline (7HQ) mediated by hydrogen-bond
formation has been studied in the ground as well as in the excited state. Thermodynamics of self-association
and hydrogen-bonded complexes of 7HQ in various nonpolar solvents was obtained by means of absorption,
emission, and theoretical approaches. Specific hydrogen-bonding sites in the complex were determined by
applying various derivatives of 7HQ incorporated with guest molecules possessing only either a proton-
donating or -accepting site. The result can be qualitatively rationalized by a correlation of the hydrogen-
bonding strength with respect to the donor’s acidity and/or acceptor’'s basicity. In benzene, the 7HQ cyclic
dimer undergoes a fast excited-state double proton-transfer reaction, resulting in a unique keto-tautomer
emission. Surprisingly, however, the 1:1 7HQ(enol)/acetic acid complex possessing only a single hydrogen
bond undergoes an excited-state double proton-transfer reaction, forming a keto/acid complex. As a result, a
proton-transfer mechanism incorporating the rotational diffusion dynamics of guest molecules, i.e., acetic

acid, is proposed.

Introduction N
Recently, we have studied the enol/keto proton-transfer /@(j
tautomerism of 7-azaindole (7AW 2-hydroxypyridine® and 0 N

3-hydroxyisoquinoline (3HI@)mediated either by self-associa- |
tion or by adding guest molecules, forming conjugated dual
hydrogen-bond (CDHB) complexes. A prototype example can THQ(E)
be illustrated in the case of 1:1 3HIQ/acetic acid CDHB complex

in cyclohexane (Scheme 1). The dual hydrogen-bonding sites,

i.e., the hydroxyl proton and the nitrogen atom in 3HIQ, X
resonantly induce a electron charge transfer from the hydroxyl
oxygen to the pyridinal nitrogen, resulting in an additional CH;0 N/

(0]
stabilization energy for the hydrogen-bonding formation. Thus, |
although 3HIQ exists predominantly as an enol monomer in H CH3
the diluted cyclohexane solution, the en&kto equilibrium can IMQ SMHOQ

be fine-tuned by adding guest molecules possessing the bifunc-
tional hydrogen-bonding properfyThe results in combination ~ Figure 1. Structures of the proton-transfer isomers and derivatives of
with its excited-state proton-transfer dynamics establish a 7HQ-
mechanism for the CDHB mediating proton-transfer reaction,

i . o SCHEME 1
which is believed to be crucial if the proton-transfer tautom-

erism, as proposed, is a key step to induce mutatién. ~u ks N O H Q
In this study, we have extended our investigation to other _N * CH;COOH === | N ” B
es of hydrogen-bonding systems in which 7-hydroxyquinoline

?;FI)-IQ, Fig%Jre ?L) isa prot(g)tyi/)e. In aprotic solve)r/ns 7&% exists o Te® NC kb,/

predominantly as an enol form which possesses a proton donor 0=

(the hydroxyl proton) and a proton acceptor (the quinolinic CC( /‘cfc}{,

nitrogen) far away from each other (4.748 A calculated by N AN 0”

6-31G(d,p) basis set, see Figure 8a). Thus, unlike 7Al (or 3HIQ) SHIQ(K)/ACID

dimer and/or hydrogen-bonded complexes where CDHB is normally incorporated, the formation of a 1:1 7HQ/guest

hydrogen-bonded complex, if it exists, may involve only a single

:%‘:éhﬁ;%r‘?’;;ocn?]Sr?”_ecsrf’::d%”ncisesrzi‘t’“'d be addressed. hydrogen bond even though the guest molecule, e.g., acetic acid,
£ The National Hu-Wgei Instit%te of Tecr){'nology. possesses the _bifunctionz_al hydrogen-bonding_property. Multi_ple
8 Fu Jen Catholic University. hydrogen-bonding formation may also be possible when forming
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higher-order In (n = 2) 7HQ/guest complexes, which, however, impurity-free 7MQ. 8-Methyl-7-hydroxyquinoline (8MHQ) was
may have an unfavorable entropy factor because they require asynthesized by the reaction of 3-aminaresol and acrolein
larger number of stoichiometric guest molecules for the com- in the acidic condition using a standard Skraup metltothe
plexation (vide infra). Previous fluorescence studies have final product was purified by column chromatography (eluent
revealed that in a sufficiently low concentration 7HQ exhibits 1:3 hexanes:ethyl acetate) followed by recrystallization from
predominantly a normal Stokes shifted emissidpa¢ ~ 350 acetonitrile. Acetic acid (ACID, Merck Inc.) and 2-azacyclo-
nm) in nonpolar solvents. In contrast, dual emission was hexanone (ACH, Aldrich) were purified according to the
observed in methanol, resulting from the normal (the enol form, previously described methddCCl, (Merck Inc.) was used
Amax ~ 380 nm) and proton-transfer tautomer (the keto form, without further purification because no interference due to
Amax ~ 520 nm) specie%.13 Both steady-state absorption and impurity fluorescence was detected in the wavelength region
fluorescence titration studies have drawn the conclusion thatof interest. Benzene and cyclohexane (Merck Inc.) were of
the increase of the proton-transfer keto-tautomer emission isspectragrade quality and were refluxed several hours over
associated with the formation of a 1:2 7HQ/methanol complex. calcium hydride under a nitrogen atmosphere and were trans-
On the basis of a nano-picosecond time-resolved study, the rateferred, prior to use, through distillation to the sample cell.
of excited-state proton transfer for the 1:2 7HQ/methanol  Measurements.Steady-state absorption and emission spectra
complex was measured to be 5.0 x 10° s! at room were recorded by a Cary 3E (Perkiklmer) spectrophotometer
temperature, and a precursor with a cyclic dual hydrogen- and a Hitachi (SF4500) fluorimeter, respectively. Both wave-
bonding configuration is required prior to the proton-transfer length-dependent excitation and emission response of the
reaction. The barrier height for the ESDPT was estimated to be fluorimeter have been calibrated according to a previously
0.54 kcal/moF! and the overall proton-transfer mechanism may reported method.Nanosecond lifetime measurements were
correlate, in part, with the solvent (i.e., methanol molecules performed by an Edinburgh FL 900 photon counting system
attached to two hydrogen-bonding sites) reorganization eférgy. with a hydrogen-filled flash lamp/or a nitrogen lamp as the
Other nonspecifically solvated 7HQ molecules do not undergo excitation source. The temporal resolution after deconvolution
proton transfer within the life span of the excited state, resulting of the excitation pulse was 200 ps. The data were analyzed
in a normal Stokes shifted emission. Perhaps the strongestusing a nonlinear least-squares fitting program with a decon-
support for the dual methanol catalyzing double proton-transfer volution method reported previous¥.
reaction was given by a recent study of the 7HQ derivative,  Theoretical Calculations. The initially optimized structure
8-methyl-7-hydroxyquinoline (8MHQ, Figure 1) in which a ysed for the ab initio calculation was obtained by the semiem-
dual-methanol relay incorporated in the 7HQ/methanol complex pirical AM1 method using a Spartan package (Release 3.1.6,
is interrupted due to the steric hindrance introduced by the Wwavefunction, Inc., Irvine, 1994). Ab initio molecular orbital
8-methyl group, prohibiting the double proton-transfer reactfon.  calculations were performed by using Gaussian 94 Rev D.3
In this study we have attempted to use 7HQ and its derivatives programs. Geometry optimizations for all structures were carried
as a prototype to differentiate between CDHB and single- out with the 6-31G(d,p) basis set at the Hartr€ock (HF)
hydrogen-bonding complexes. Our goal is to further explore |evel. This basis set has proven to be suitable for the dimer (or
the role of the hydrogen-bond formation contribution to the complex) formation incorporating hydrogen-bond formatién.
proton-transfer tautomerism in the ground as well as in the Hessians, and hence vibrational frequencies, were also per-
excited state. formed to check whether the optimized geometrical structure
The following sections are organized according to a sequencefor those dimeric and complex forms is at an energy minimum,
of steps where we first performed absorption titration experi- transition state, or higher-order saddle point. The directly
ments to determine the equilibrium constants for various 7HQ calculated zero-point vibrational energies (ZPE) were scaled by
hydrogen-bonded complexes in nonpolar solvents. The next step0.91818 to account for the overestimation of vibrational
involved steady-state and time-resolved fluorescence measurefrequencies at the HF level. The association enetdy,, was
ments to examine the excited-state proton-transfer properties.calculated as the change in the total molecular enthalpy of
We have determined specific hydrogen-bonding sites in the formation in the conversion of the optimized monomer indi-
complex by applying various derivatives of 7HQ incorporated vidually into the optimized dimer or complex.
with guest molecules possessing only either a proton-donating  The following sections are organized according to a sequence
or -accepting group. Finally, attempts have also been made toof steps where we first performed detailed absorption and
rationalize the results by a theoretical approach in which a fluorescence titration experiments to determine the thermo-
correlation between the hydrogen-bonding site with respect to dynamic properties of hydrogen-bonded complexes for 7HQ and

donor acidity (K, and acceptor basicity Kp) will be its derivatives. The results lead us to deduce specific hydrogen-

established. bonding sites in the 7HQ/guest complexes. Subsequently, an
ab initio calculation was carried out to provide complementary

Experimental Section support for the structure of the 7HQ/guest hydrogen-bonded

complexes. Finally, plausible mechanisms for the excited-state

Material. 7HQ (Aldrich) was purified by column chroma- 101 transfer reaction are proposed and discussed.

tography (eluent 1:31-hexane: ethyl acetate) followed by
recrystallization twice from acetonitrile. 7MQ was synthesized
by two different methods. In a conventional approach a 1:1
equivalent 7HQ:dimethyl sulfate was refluxed in gHp to Ground-State Equilibrium. 7HQ Self-AssociatiarDue to
obtain 7MQ. However, such a method gives rise to a side the sparse solubility in nonpolar hydrocarbon solvents (e.g.,
product difficult to separate from 7MQ, which also exhibits cyclohexane), studies of self-association for 7HQ were carried
strong fluorescence interference in the region of interest. outin benzene solution. However, since the theoretical approach
Alternatively, this obstacle can be overcome by using diazo- in a later section simulates the gas-phase condition, to have a
methane instead of dimethyl sulfate followed by column fair comparison, studies of other 7HQ hydrogen-bonded com-
chromatography (20:1(v/v) Gi€l,:ethyl acetate) to obtain the  plexes only requiring sufficiently low concentration of 7HQ have

Results
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Figure 2. (A) The concentration-dependent absorption spectra of 7HQ in benzene, in which 7HQ was prepared atXa)a82b) 3.37 x
1075 (c) 9.26 x 1075, (d) 1.76 x 1074, (e) 3.22x 1074, (f) 4.87 x 1074, (g) 6.27 x 1074, (h) 8.14x 104 and (i) 1.08x 1072 M. (B) The
absorption spectra in the region of 33860 nm by normalizing concentration-dependent spectra shown in A. (C) PIGY/A§so against

m/l/Ag;o1 with n = 2 to 4. For then = 1 plot, a linear best least-squares fitted curve (solid line) is also shown.

also been performed in C£nd cyclohexane. Figure 2A shows WhereCo is the initial concentration of 7HQ, an@, denotes
the concentration-dependent absorption spectra of 7HQ inthe concentration of the 7HQ self-association form. Since at
benzene. When the concentration was as low ax710~¢ M sufficiently long wavelengths, e.g., 350 nm, the absorption can
in benzene, 7HQ exhibits &SS; absorption band maximum  be mainly attributed to the 7HQ self-association, one can
at ~332 nm. Upon increasing the concentration, a previously incorporate the Beerd.ambert law and write

unrecognized spectral feature appears as a shoulder in the region

of > 340 nm (see Figure 2B). In comparison, 7MQ is generally Agso= 5350Cp| 2)
treated as an enol model in which the enkéto tautomerism

is prohibited due to its lack of a hydroxyl proton. Furthermore, whereAgsoandessoare the absorbance and the molar extinction
the lack of the hydroxyl proton also prevents the formation of coefficient of the 7HQ hydrogen-bonded form at 350 nm, and
any hydrogen-bonded self-aggregation. The results show al is the path length of the cell. Whe®, is relatively smaller

structural, concentration-independet-S; absorption maxi- than Cp, combining egs 1 and 2 leads to eq 3:

mum at~330 nm (see Figure 4a), for which the spectral features

are similar to that of 7HQ when the concentration was prepared G 0 1 N 1 n n 3)
6 e L L

as low as 7.0< 10°° M. We thus conclude that at a sufficiently Agso A/ €25 K ALl €35

low concentration, 7HQ exists mainly as the enol monomer
form. (Hereafter, 7HQ denotes the enol form of 7-hydroxy-
quinoline). Upon increasing concentration, the 7HQ dimer and/
or higher-order aggregates gradually appear, resulting in a
spectral red-shift with respect to the 7HQ monomer. However, . B .
unlike the self-association of 3HIQ in which the CDHB effect 1_03 M). We also must consider the po_SS|b_|I|ty of formmg
induces the enot> keto tautomerism in the ground stdtat higher-order 7HQ aggregates. As shown in Figure 2C, plotting
the highest concentration prepared (1.68 103 M) no ColAaso againstny/ 1/A%gs for n = 3 and 4 deviates from the
detectable absorbance attributed to the & transition of 7HQ linearity significantly. It should be noted that eq 3 is derived
keto tautomer (406500 nm, vide infra) was observed. under the assumption of only one hydrogen-bonded species
A competitive equilibrium between the enol monomer and existing in the equilibrium. At this stage we have no definitive
7HQ self-association incorporating 7HQ molecules can be evidence to eliminate the possibility of the coexistence of various
depicted as((7HQ) = (7HQ),. Consequently, the association types of 7HQ aggregates in the solution. However, the correla-
constantK, for the formation of the (7HQ@)complex can be tion coefficient of 0.992 fitted byr = 2 seems to substantially
expressed as support the dominant 2(7H@j (7THQ), equilibrium in benzene,
i.e., a 7THQ dimeric species prevailing over other higher-order
C aggregates. The best least-squares fihfer2 gives akK, value
K,= —pn (1) of 1.2 x 10° M1, corresponding to AG® value of—4.2 kcal/
(Co— ncp) mol at room temperature. An attempt to mead(yas a function

For the case oh = 2, plotting Co/Asso versus the square root
of 1/Ass0 (see Figure 2C) gives sufficiently linear behavior in
the range of the concentration studied (1.80L075—1.08 x
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Figure 3. The concentration-dependent absorption spectra of 7THQ{1L@> M) in CCl, by adding various ACID concentration€4) of (a) 0,
(b) 29 x 1074 (c) 5.7x 1074, (d) 8.6 x 1074, (e) 1.1x 1073, (f) 1.4 x 1073, (g) 2.0x 1073, (h) 2.3x 1073, (i) 2.6 x 1073, and (j) 2.9x 1072

M. Insert: the plot of ldg against 1lAgso up ton = 3.

of temperature in order to extract the enthalpy of the association, self-association of 7HQ must be considered, the coexistence

AHg, unfortunately failed due to the sparse solubility of 7HQ
at low temperature. Nevertheless, a detailed discussiaigf

among 7HQ/ACID, 7HQ/(ACIDy, and 7HQ/(ACID} com-
plexes in the equilibria is possible and cannot be ruled out in

based on a theoretical approach and its correlation with respectthis study. However, a correlation coefficient of 0.996 applying
to the hydrogen-bonding strength will be presented in the sectionthe best least-squares fit to the= 1 plot indicates that even

on theoretical calculations.
7HQ/Guest Hydrogen-Bonded ComplexEgyure 3 shows

with the formation of higher-order 7HQ/(ACIR)(n =

2)
complexes, the amount present should be negligibly small within

the absorption spectra of 7HQ upon adding the acetic acid in the range of concentration studied. This viewpoint will be further

CCly. In this experiment, the initial concentration of 7HQ,,
was prepared to be as low as 10 10° M to avoid
self-dimerization. The formation of 7HQ/ACID hydrogen-

supported in the section on the fluorescence titration experiment.
The intercept of then = 1 plot gives aK, value of 3.5x 1(?
M~1in CCly, corresponding to AG° value of—3.5 kcal/mol

bonded complexes can be clearly indicated by the growth of aat room temperature. Similar 7HQ/ACID hydrogen-bonding

~350 nm shoulder throughout the titration. The 7HQ hydrogen-

bonded complex incorporating stoichiometmi&CID molecules
can be depicted as

7HQ + nACID = 7HQ/(ACID),

complexation was observed in cyclohexane, aid @alue was
determined to be 7.8x 10* ML For the case of using
2-azacyclohexanone (ACH) as the guest molecule,nthel

plot using eq 4 for the experimental results also exhibits a linear
behavior, indicating the formation of a 1:1 7HQ/ACH hydrogen-
bonded complex. The best-fit giveska value of 4.2x 107

Similarly, the absorbance peak at 350 nm can be exclusively M~ in CCl,. Applying a sufficiently low 7HQ concentration

attributed to the & S; transition of the hydrogen-bonded
complex 7HQ/(ACID). Neglecting the steric effect it is
reasonable to assume to be <4 since each 7HQ may

(7.0 x 107 M) we were able to perform a temperature-
dependent study for both 7HQ/ACID and 7HQ/ACH complexes
in CCl, from 10° to 35°C, andAH.was calculated to be 7.2

accommodate as many as four hydrogen-bonding sites. On theand—6.1 kcal/mol, respectively. Thermodynamic data of 7HQ

basis of the BenesiHildebrand derivatiod? the relationship
between the initially prepared ACID concentrati@ly, and the
measured absorbance at 350 M50, can be expressed in eq
4.

1 1
E = C06350KaA3_5o — K, 4)

9
The insert of Figure 3 shows the plot oCE/against 1Asso Up

to n = 3 for the experimental data. The results clearly indicate
a linear behavior for the = 1 plot. Just as the higher-order

hydrogen-bonded complexes in other solvents were also ob-
tained and the results are listed in Table 1.

Unlike 7Al and 3HIQ where the CDHB effect plays a crucial
role to further stabilize the complex formation, the far separation
between hydroxyl proton and the quinolinic nitrogen in 7HQ
leads to a 1:1 cyclic dual hydrogen-bond formation virtually
impossible for the cases of 1:1 7HQ/ACID and 1:1 7HQ/ACH
complexes. Accordingly, both complexes should incorporate
only a single hydrogen-bond formation. This viewpoint can be
supported by the measuréd value of 7.8x 10? M1 for the
7HQ/ACID complex in cyclohexane (see Table 1), which is
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Figure 4. The concentration-dependent absorption spectra of 7MQX718-¢ M) in CCl, by adding various ACID concentration€4) of (a) O,
(b) 1.43x 1073, (c) 2.86x 1073, (d) 4.29x 1073, (e) 7.14x 1073, (f) 8.57 x 1073, and (g) 1.43x 102 M. Insert: the plot of :Ixtg against 1Agso

forn=1.

TABLE 1: Thermodynamic Properties of 7HQ and 7MQ
Hydrogen—Bonded Species in Various Solvents

1% and 5.2x 1* M~1in CCl, and cyclohexane, respectively.
The results of similar spectral and thermodynamic properties

Kax Ka x between 7HQ/ACID and 7MQ/ACID complexes lead us to

10°mM™t  102M AH? conclude that in 7HQ it is more appropriate to assign the
host guest  solvents (absorption) (emission) (kcal/mol) hydrogen-bonding site to the quinolinic nitrogen, forming a
7HQ 7HQ  benzene 12 b hydrogen bond with the carboxylic hydrogen.
;ES ﬁg:g g’éLOhexane 3_75'8 3%8 7?12 Surprisingly, in contrast, the formation of the 7MQ/ACH
7HQ ACH cyclohexane 8.7 3.9 b complex was not detected upon increasing the ACH ta 2
7HQ ACH CCl 4.2 c -6.1 1072 M. The result clearly implies that the specific type of
7MQ ACID cyclohexane 5.2 c hydrogen bond incorporated in 7HQ/ACH and 7MQ/ACH, if
7MQ ACID  CCl, 2.9 ¢ formed, may be quite different. The quinolinic nitrogen, which
7MQ ACH cyclohexane d . . . . . .
7MQ ACH CCl d is the only active site in 7MQ, is apparently not involved in the

@ AH was obtained through a temperature-dependent absorption study

of K, value from 313-283 K. Data were not obtainable due to the
sparse solubility of 7HQ at low temperatufe.he emission is too weak
to perform the concentration-dependent stuidyegligible change of

the absorption spectra even though the concentration of the guest

molecule increases up tox2 1073 M.

less than that of 7AI/ACID and 3HIQ/ACID CDHB complexes
by a factor of more than twenfy# Since 7HQ possesses both
proton-donating and -accepting sites, it is thus intriguing to know
which functional group, the hydroxyl hydrogen or the quinolinic
nitrogen atom, acts as an active hydrogen-bonding site. Such

to reduce the number of hydrogen-bonding sites in 7HQ.
Accordingly, an absorption titration study was also performed
in 7MQ. Due to the lack of hydroxyl proton and weak proton-

hydrogen-bond formation with ACH. Consequently, we con-
cluded that the hydroxyl hydrogen rather than the quinolinic
nitrogen in 7HQ plays a major role for the 7THQ/ACH hydrogen-
bond formation.

Excited-State Spectroscopy and Dynamics7HQ Self-
Association Table 2 lists the steady-state spectral properties of
absorption and emission as well as relaxation dynamics for 7HQ
and its hydrogen-bonded species in various nonpolar solvents.
When the concentration of 7HQ was prepared as low ax7.0
10°% M in benzene, a weak, normal Stokes shifted emission
(Ps ~ 8.2 x 1073 was observed with a peak maximized at

key question unfortunately cannot be unambiguously resolvedat355 nm. The lifetime was measured to be 0.35 ns and was

because the guest molecules also possess bifunctional hydroge
bonding properties. One way to overcome such an obstacle is

deependent of the excitation as well as the monitored emission

wavelength. Therefore, at a sufficiently low concentration of
7HQ in benzene only one emitting species exists in the excited
state, which is unambiguously assigned to the enol monomer.

The steady-state fluorescence spectra as a function of the 7HQ

accepting capability of the methoxyl oxygen it is reasonable to concentration are shown in Figure 5. Excitation in the region
predict that the hydrogen-bond formation for the 7MQ hydrogen- of 340 nm where 7HQ self-aggregates mainly absorb, dual
bonded complex, once formed, must be at the quinolinic nitrogen fluorescence was observed, consisting of a normal Stokes
site. As shown in Figure 4, 7MQ exhibits a concentration- shifted, broad emission band maximum-a865 nm (the I
dependent absorption spectral evolution throughout the titration band) followed by a weak, large Stokes shifted emission
by acetic acid. The plot of Ty against 1Az40 exhibits linear maximum at 525 nm (the JFband). The excitation spectra
behavior, and a best least-squares fit givés &alue of 2.9x monitored at a long-wavelength region of thetfand (e.g., 430
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TABLE 2: Photophysic Properties of Hydrogen-Bonded SCHEME 2

Species for 7HQ Derivatives in Various Nonpolar Solveng? ESDPT
absorption fluorescence lifetime \X\_ e

host guest  solvents Amax(NM)  Amax (NM) 7 (ns)

7HQ 7HQ  benzene 332(E) 355(E) 0.35(E)

340(ED)  365(ED) 1.2(ED)
525 (KD)  1.7(KD)

7HQ ACID cyclohexane 330(E) 350(E) 0.52(E) 525 nm 340 nm
337(EC) 530(KC) 2.2(KC) 340 nm 365 nm
7HQ ACID CCl 330(E) 352(E) 0.35(E)

340(EC) 530(KC) 2.0(KC)
7THQ ACH cyclohexane 335(EC) 365(EC) 0.52(EC)

7THQ ACH CCl 335(EC) (ECYH (ECy
7MQ ACID cyclohexane 330(E) 348(E) 0.39(E) —=
(ECY (ECY (ECY ]
7MQ ACID CCly 330(E) 352(E) 0.32(E) o /\N\
(ECY 360(EC) (ECY H ! S N
7MQ ACH cyclohexane f N ~NF
7MQ ACH CCl f [ L m
=
ag, enol monomer; ED, enol dimer; KD, keto dimer; EC, enol ) | ~ ‘_C') N . o g:/
complex.? The maximum of $—S; transition for the enol monomer N ~ H }‘1 DE— H H
was taken from the absorption spectrum, while that of dimer or complex ﬂ) 0 N N )
was measured by the excitation spectrGmhe emission was too weak H ‘ N Z |
to be observed! The excitation spectrum of the complex was not » N
obtainable due to the extremely weak fluorescef@eyond the i .
response time of the detecting syster00 ps).f No complex formation incar form cyclic form

was observed.
by single exponential decay dynamics. Instead, it is well fit by
a double exponential decay which is theoretically expressed as

F(t) =Ae ™ +Ae™ (6)

(98]

where A; and A, are the emission intensity at~ O for the
decay components 1 and 2, respectively. Although the ratio for
A; versusA; is concentration as well as excitation-wavelength
dependentk; andk,, within experimental error, were found to
be constant, with a fast and a slow component of 2@&1) x
1®° sz ~ 0.36 ns) and (8.3: 0.2) x 1 s (r ~ 1.2 ns),
respectively (see Table 2). Since the rise time for both
components cannot be resolved, it is quite unlikely that one
species is the precursor of the other. The results indicate the
existence of two distinct decay species in the region of the F
- s . i band. The faster decay one can be reasonably ascribed to the
500 550 600 650 . . .
Wavelength nm emission frqm the non-hydrqgen-bonded monomer due to its
nearly identical decay rate with that of 7HQ in sufficiently low
concentration. Accordingly, the longer-lived species is tenta-
tively assigned to a 7HQ associated species (hereafter denoted
as the ¥ band), most likely the 7HQ dimeric form concluded
0r in the absorption titration study. On the other hand, it is
! . L L I relatively straightforward to analyze the Band. When the
350 400 450 500 550 600 emission was monitored at520 nm, a wavelength-independent
single-exponential decay was observed~ 1.7 ns). Since Tt
Wavelength nm (rt = 1.2 ns) and F (r = 1.7 ns) bands exhibit different
Figure 5. The fluorescence spectra of 7HQ in benzene as a concentra—re"”‘)(atlon Qynamlcs and the rise tl.me for each is beyprjd the
tion of (a) 7.0x 1076, (b) 2.0x 10°5, (c) 4.0x 1075, (d) 6.0x 1075, response time of our photon counting systea2Q0 ps), it is
(e) 1.0x 1074, (f) 1.4 x 1074, and (g) 1.8x 107* M (dex = 340 nm). very unlikely that both i and F, bands originate from the same
Insert: The magnified viewx30) of the fluorescence spectra in the type of dimeric form. Due to similar spectral features with the
region of 506-600 nm. 540 nm keto-tautomer emission in methanol solution and a large
nm) and the Fband (e.g., 525 nm) are similar, exhibiting a Stokes shift of~10,000 cnt! relative to the dimeric absorption
peak maximum at 340 nm which €10 nm red-shifted relative (340 nm, see Table 2), it is thus reasonable to ascribe the F
to that of the monomer (see Table 2). Thus, it seems straight-band to the 7HQ keto-tautomer emission. One type of 7HQ
forward to ascribe both jFand F, bands to the 7HQ self-  dimeric form responsible for the;Band plausibly possesses a
association species of which both excitation and emission spectracyclic hydrogen-bonding configuration (see Scheme 2) where
are red-shifted with respect to that of the monomer form due to the dual hydrogen-bonding sites, i.e., the hydroxyl proton and
the hydrogen-bond formation. However, detailed time-resolved the pyridinal nitrogen in 7HQ, act as a proton donor and
studies indicate that;and F; bands undergo different relaxation — acceptor, respectively. Thus, the— z* excitation resonantly
dynamics. The decay monitored at theldand was fit poorly induces an electron charge flow from the hydroxyl oxygen to
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Figure 6. The fluorescence spectra of 7HQ in GBY adding various ACID concentration€4) of (a) 0, (b) 2.9x 1074, (c) 5.7 x 1074, (d) 8.6
x 107, (e) 1.1x 1073, (f) 1.4 x 1078, (g) 1.7 x 1073, (h) 2.0x 1073, (i) 2.3 x 1073, (j) 2.6 x 1073, and (k) 2.9x 108 M. Insert: the plot of
1/cy against 1F up ton = 3.

the pyridinal nitrogen, triggering the double proton-transfer measured 530 nm emission intenditycan be expressed in eq
reaction. On the other hand, the existence of a linear 7HQ dimer 6:
possessing only a single hydrogen bond (see Scheme 2) is also
proposed, in which the ESDPT is prohibited during its excited- 1_ aCyeasK 1_ K (6)
state life span due to the requirement of a large proton C °F 2
displacement, resulting in a normal Stokes shifted emission.
Since a derivation for the fluorescence intensfy based on wherea is the instrument factor, including sensitivity, alignment,
eq 3 as a function of the added 7HQ concentration involves an etc., of the detecting system.
instrument factor, it is not possible to extract tgvalue simply Forn = 1 where 7HQ and ACID are hydrogen-bonded in a
by plotting Co/F versus the square root of FL/ This in 1:1 ratio, the plot of Iy versus the inverse of the integrated
combination with similar excitation spectra (i.e., the same 530 nm emission band,Bdsoshows very good linear behavior,
absorption profile) for both species, making it impossible to whereas significant deviation from the linear behavior was
obtain the relative population. Alternatively, if we assume the observed when plotting (DQ versus 1Fszofor n > 2 (see insert
same radiative lifetime, a small difference in the observed decay of Figure 6). The results are consistent with the absorption
rates leads to a similar fluorescence quantum yield for bgth F titration study, concluding that the 1:1 7HQ/ACID complex is
and k, bands. Accordingly, assuming an ultrafast ESFPT in the a predominantly hydrogen-bonded species existing in equilib-
cyclic form, the relative population between linear and cyclic rium. For then = 1 plot, an intercept of the best least-squares
dimers is equivalent to the intensity ratio for thg¢ ¥ersus the fit gives aK, value of (3.3+ 0.1) x 10? M~1in CCly, consistent
F, band, which was calculated to be30, indicating a with that obtained from the absorption titration study. More
predominant linear dimeric species existing in the self-associa-importantly, the results clearly indicate that the precursor for
tion reaction. Further support of this viewpoint as well as the 530 nm emission originates from a 1:1 7HQ/ACID
detailed discussion regarding thermodynamic properties of thesehydrogen-bonded species. The unusually large Stokes’ shifted
two dimeric species will be given in a later section. emission £10 000 cnT! peak-to-peak between absorption and
7HQ/guest hydrogen-bonded complexes Figure 6 shows theemission maxima) may be rationalized by two possible photo-
fluorescence spectra as a function of the added ACID concen-physical processes. On one hand, since the basicity of the
tration in CCk. Upon 350 nm excitation which is mainly  quinolinic nitrogen on 7HQ increases drastically in the excited
attributed to the absorption of 7HQ/ACID hydrogen-bonded state ApKy (NHT) = pKa (NHT) — pKg* (NHT) = —7.86)8
complex, only a large Stokes shifted emission maximum at 520 the observed 530 nm band may simply result from the excited-
nm (the K band) was observed. The lifetime is independent of state adiabatic proton transfer from the carboxylic proton to the
the monitored emission wavelength and can be well fit by single- 7HQ quinolinic nitrogen, giving rise to a cationic type of 7HQ
exponential decay dynamics with a decay r#te, of (4.6 + emission. To examine such a possibility 7MQ was used as a
0.2) x 10° s71 (z; ~ 2.2 ns), indicating the existence of only prototype. It has been concluded in the absorption titration
one emitting species. On the basis of a BenéBidebrand experiment that the formation of a 7MQ/ACID complex, similar
derivation for the fluorescence titratidh,the relationship to the 7HQ/ACID hydrogen-bonding site, incorporates the
between the initially prepared ACID concentrati@, and the quinolinic nitrogen of 7MQ and carboxylic proton of acetic acid.
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Figure 7. The concentration-dependent emission spectra of 7HQ in cyclohexane by adding various ACH concerfigtifn@&) 0, (b) 3.4x
1075 (c) 5.7 x 1075 (d) 8.6 x 1075 (e) 1.1x 1074 (f) 1.4 x 1074 and (g) 1.7x 107* M.

Upon excitation the 7MQ/ACID complex exhibits a weak hydrogen-bonding configurations concluded in the earlier
emission band maximum at 360 nid¢(= 8.2 x 10~%) which absorption titration experiment. A detailed explanation will
is unambiguously assigned to the 7MQ/ACID normal Stokes appear in the following section.

shifted emission. Since &g* of 13.2 for 7MQ(NH') measured ) .

by a fluorescence titration is comparable to that of 7HQ{iNH  Discussion

(pKa* = 13.9), similar photophysical properties, i.e., the  Hydrogen-Bonding Formation. In the study of 7HQ self-
excited-state protonation if there is any, should be expected. In association we have concluded the existence of two ’[ypes of
contrast, the lack of observing any large Stokes shifted emissiondimeric forms in the ground-state equilibrium, namely the cyclic
in the 7MQ/ACID complex discounts the assignment of the 530 and linear dimers. However, it is intriguing to know why the
nm emission simply to the excited-state protonation of 7HQ. |inear form possessing only a single hydrogen bond is a
Alternatively, the same spectral features as the keto-tautomerdominant dimeric species rather than that of the cyclic dimeric
emission in the methanol solution lead us to conclude the form incorporating the CDHB formation. To rationalize this
occurrence of the excited-state double proton transfer (ESDPT)result, we have performed an ab initio calculation for the 7HQ
in the 7HQ/ACID complex, resulting in a keto-tautomer self-association in various hydrogen-bonding configurations.
emission. Mechanistic details regarding the proton-transfer Figure 8b and c depict the full geometry optimized structures
dynamiCS will be elaborated in the discussion section. (6_316(d,p) basis Set) of 7THQ Cyc”c and linear dimeric forms.
The formation of a 1:1 7HQ/ACH hydrogen-bonded complex For the case of the cyclic dual hydrogen-bonded dimer, the
has also been verified in the absorption titration study. Since association enthalpyAH,, was calculated to be-6.39 kcal/
ACH also possesses bifunctional hydrogen-bonding groups, it mol, which is surprisingly 0.67 kcal/mol less exothermic than
is reasonable to expect the 7HQ/ACH complex to exhibit the that of the linear dimerAH,. = —7.06 kcal/mol, see Table 3).
same photophysical properties, i.e., the ESDPT, as that of 7HQ/In comparison to other CDHB complexes such as the 3HIQ
ACID. Note that for the cases of 3HIQ and 7Al both 3HIQ/ dimer* where the type of dual hydrogen bonds as well as the
ACID and 3HIQ/ACH complexes (or 7AI/ACID and 7AI/ACH  associated resonance effect are similar to that of the 7THQ CDHB
complexes) undergo similar ESDPT dynamicéHowever, in dimer,AH4cis calculated to be-10.2 kcal/mol. For the case of
contrast, increasing the ACH concentration results in an increasethe 7AI CDHB dimerAH,c was calculated to be as large as
of the emission intensity maximum at 365 nm (see Figure 7). —11.3 kcal/moP® These results clearly indicate that in addition
While within the detection limit, the tautomer emission expected to the CDHB effect which introduces great stabilization, other
to be in the region of 506600 nm was not observed. The factors may play an important role to reversibly destabilize the
prohibition of ESDPT in the 7HQ/ACH complex suggests that 7HQ cyclic dimer formation. Further structural analysis reveals
7HQ/ACID and 7HQ/ACH undergo drastically different relax- that in a geometry optimized 7HQ cyclic dimer, the distance
ation dynamics in the excited state, possibly due to their different between two hydrogen atoms at tHe @&rbon atom is as close
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Figure 8. Optimized geometries based on the HF/6-31G(d,p) basis set (in A and degrees, only critical angles are shown) for the ground states of
(a) 7HQ monomer, (b) cyclic dimer, (c) linear dimer, (d) 7HON—)/ACID(—OH), (e) THQOH)/ACID(—0-), (f) THQ(—OH)/ACID(=0), (g)
THQ(—OH)/ACH(—N-), (h) 7HQ(OH)/ACH(=O0), and (i) 7THQEN—)/ACH(—NH).

TABLE 3: Thermodynamic Properties of 7HQ and Its Hydrogen-Bonded Species in the Gas Phase Calculated by the RHF/
6-31G(d,p) Basis Set at 298 K

total E ZPE H(scaled) G(scaled) AH® AG°
7THQ —474.22414 0.15028 —474.07794 —474.11830 0 0
ACID —227.82217 0.06672 —227.75561 —227.78773 0 0
ACH —323.93247 0.15042 —323.78739 —323.82447 0 0
cyclic dimer —948.46030 0.30262 —948.16605 —948.22786 —6.39 5.48
linear dimer —948.46211 0.30232 —948.16713 —948.23370 —7.06 1.82
7HQ(—N—)/ACID(—OH) —702.06332 0.21888 —701.84813 —701.90496 -9.15 0.68
7HQ(—OH)/ACID(—0-) —702.05342 0.21836 —701.83845 —701.89771 —3.08 5.22
7HQ(—OH)/ACID(=0) —702.04685 0.21808 —701.83504 —701.89575 —5.84 2.40
7HQ(—OH)/ACH(—N-) —798.17353 0.30282 —797.87957 —797.94219 —8.94 0.36
7HQ(—OH)/ACH(=0) —798.17273 0.30255 —797.87891 —797.94182 —8.52 0.60
7THQ(—N—)/ACH(—NH) —798.16958 0.30233 —797.87418 —797.93722 —5.55 3.48

aTotal energy, enthalpy, and free energy in hartréesH° and AG® (in kcal/mol) values for various hydrogen-bonded species were calculated
relative to 7HQ and the associated guest molecule.

as 2.065 A ((see Figure 8b). Such a configuration is expectedrepulsion energy between two 8-methyl groups when 8MHQ
to significantly increase a repulsion energy which may com- molecules approach each other i@a symmetry. Interestingly,
pensate the energy stabilized by the CDHB effect. It should be although a stable 8MHQ linear form was obtained through a
noted that similar close-packed interference between two full geometry optimization, the association enthalpy was
hydrogen atoms does not exist in the 3HIQ and 7Al CDHB calculated to be as small asl.5 kcal/mol, indicating that the
dimers because the proton donor and acceptor are either adjacenhethyl function group at the™8position may also induce a

to each other in 3HIQ or separated by a fused carbon atom incertain degree of steric hindrance even for the linear dimeric
7Al. Perhaps the strongest support for this viewpoint regarding form, rationalizing the failure in detecting any 8MHQ self-
a steric effect was given by the study of 8BMHQ self-association association in the absorption titration study. Finally, due to its
in which a concentration-dependent absorption spectrum waslower formation enthalpy in combination with a more favorable
not observed up to 1.6 10-3 M in benzene. In addition, the  entropy factor, the formation free energy for the linear form
keto-tautomer emission cannot be resolved under our detectionwas calculated to be more exergonic than that of the of the cyclic
limit. The lack of observation of 8MHQ keto emission indicates dimer by 3.7 kcal/mol. The results are qualitatively consistent
a negligible population of the CDHB dimeric form, a precursor with the experimental observation, concluding that the linear
for the ESDPT reaction, in the ground-state equilibrium. The dimeric is a dominant species in the self-association reaction.
result is also consistent with an ab initio calculation where an  For those 7HQ/guest hydrogen-bonded complexes our results
attempt to obtain an geometry optimized SMHQ CDHB dimeric show that independent of the type of guest molecule studied,
form failed, possibly due to the build-up of an enormous the formation of a 7HQ/guest complex generally incorporates
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TABLE 4: p K, Values for Various Functional Groups in 7HQ, 7MQ, and Guest Molecules
7HQ(-NH") 7HQ(O-H) 7MQ(—NH") ACID(—OH) ACID(=OH") ACID (OH,") ACH(NH;") ACH(—NH) ACH(=0H")
pK2 5.64 8.67 5.0¢ 475 —6.5 <—6.5 —1c 26.5 -0.5

aMason, S. FJ. Chem. Socl958 674.° Data was obtained in this workGordon, Arnold J.; Ford, R. AThe Chemist's Companipdohn
Wiley & Sons: New York, 19729 Not available due to its stronger acidity than ACHQH").

a single hydrogen bond. This can be rationalized by the large correlates well with the experimental as well as ab initio result
separation between the proton donor (the hydroxyl proton) and of the 7HQN—)/ACID(—OH) form being the most stable
acceptor (the quinolinic nitrogen) of 4.748 A in 7HQ (see Figure complex in the equilibrium. In contrast, for the case of 7HQ/
8a). In an earlier section, the application of 7MQ, 8MHQ, and ACH, the sum of K, and K, for 7THQ(—OH)/ACH(—N—) and
guest molecules possessing different hydrogen-bonding func-7HQ(—OH)/ACH(=0) complexes turns out to be smaller than
tionality has led us to distinguish the active functional group that of the 7THQ{-N—)/ACH(—NH) complex by a factor of 10,
involved in the hydrogen-bonding formation. In this section, again corresponding to the trend of the stability obtained
we further carried out a theoretical approach in order to verify experimentally as well as predicted by the ab initio approach.
the experimental results. Table 3 lists the calculated formation Since the difference in the entropy of formation is negligibly
of enthalpy, entropy, and consequently the free energy amongsmall among those 1:1 7HQ/guest complexes at 298 K, the
those geometry-optimized hydrogen-bonded complexes. For theequilibrium for the complexation is mainly tuned by the
1:1 7HQ/ACID complex, three possible geometry optimized association enthalpy, i.e., the hydrogen-bonding strength. Con-
structures were resolved and depicted in Figure-f8drhe sequently, a correlation between the hydrogen-bonding strength
calculatedAH,c of —9.15 kcal/mol for the 1:1 7THQ(N—)/ and their corresponding acid and base properties may be
ACID(—OH) complex (denoting a hydrogen-bond formation established. The sum oKp and K;, is equivalent to—logKeq
between the pyridinal nitrogen in 7HQ and the carboxylic proton whereKeq denotes an equilibrium constant for the aclhse
in acetic acid) is more exothermic than those of 7THQH)/ reaction. Hence, a lowekp + pKp, value indicates a large acid
ACID(—0-) and 7THQEOH)/ACID(=0) and by 6.07 and 3.31  base equilibrium constant, and the reaction favors the product
kcal/mol, respectively, and is concluded to be the most stable formation. Empirically, the more exergonic the atighse
form according to its lowest formation free energy (see Table reaction, the lower the free energy of formation of the activated
3). We also performed a full geometry optimization of a 1:2 complex. If the hydrogen-bonded species can be reasonably
7HQ/(ACID), complex, andAH, was estimated to be12.7 assumed to be an activated complex-like species during the
kcal/mol. Such a large stabilization energy can be rationalized acid—base reaction, a larger value I§§; may simply indicate
by a dual hydrogen-bond formation. However, the requirement the formation of a more stable hydrogen-bonded complex,
of two ACID molecules in a specific hydrogen-bonding con- consistent with both experimental and theoretical results.
figuration significantly decreases the formation entropy. As a However, it should be noted that such a conclusion is qualitative
result, the formation free energy was calculated to be 3.5 kcal/ since the hydrogen-bonded complex is in its local minimum
mol more endergonic than that of the 1:1 7H-)/ACID- energy and hence cannot be simply treated as an activated
(—OH) complex, consistent with the experimental result where complex. In addition, the correlation was made where the
the 1:1 7HQEN—)/ACID(—OH) complex is the predominant  difference in K, + pKp between various hydrogen-bonding
hydrogen-bonded species at ambient temperature. configurations is generally quite large (normaty 5). Once

On the other hand, the geometry optimized 1:1 7HQ/ACH the difference becomes small the correlation may be discounted
complex in its most stable form is drastically different from due to an uncertainty by applying thelp (or pKp) value
that of the 7HQ/ACID. Surprisingly, the quinolinic nitrogen obtained in the aqueous solution to a nonpolar (or gas)
acting as a proton acceptor in the self-dimerization and the environment. Finally, when the proton affinity between donor
formation of a 7HQ/ACID complex is no longer the most stable and acceptor is close enough, the formation of an unusually
hydrogen-bonding site in the case of 7HQ/ACH complex. strong hydrogen bond has been reported in several enzymatic
Instead, the 1:1 7HQ{OH)/ACH(—N-) and 7HQOH)/ reactions and subsequently verified by theoretical approdttiés,
ACH(=0) hydrogen-bonded complexes(see Figure 8g,h) were for which the aforementioned empirical correlation may no
calculated to be more exothermic than 7HQ-)/ACH(—NH) longer be valid. Fortunately, the proton affinity for each of
by 3.4 and 2.8 kcal/mol, respectively (see Table 3). Due to their various functional groups applied in the case of the 7HQ
similar formation entropy, 7HQ{OH)/ACH(—N—) and 7HQ- hydrogen-bonded complex is substantially different from the
(—OH)/ACH(=0) complexes were consequently calculated to others, excluding the possibility of an unusually strong hydrogen-
be the most stable conformers and should be the predominantonding formation.
hydrogen-bonded species in the solution. The resultis consistent Proton-Transfer Dynamics. In the cases of 7AI/ACID and
with the absorption titration study, concluding the hydroxyl 3HIQ/ACID CDHB complexes where dual hydrogen bonds are
proton in 7HQ to be the active hydrogen-bonding site in the intrinsically formed, the double proton transfer in the excited
formation of a 7THQ/ACH complex. state only requires a small displacement of the hydrogen atom

Table 4 summarizesfy values of various hydrogen-bonding and/or molecular skeleton. The rate of such a cooperative proton-
sites for both host and guest molecules. Although these datatransfer reaction, either taking place stepwise or simultaneously,
are obtained in the aqueous solution, an interesting correlationshould be fast and perhaps mainly dominated by the tunneling
was observed between the sum & gproton donor) and Igy, mechanism. In comparison, the occurrence of the ESDPT in
(proton acceptor, K, = pKn,o — pKa , whereKp,o is the the single hydrogen-bonded 7HQ/ACID system is intriguing
autoprotolysis constant of @) and the hydrogen-bonding site  from the viewpoint of the proton-transfer dynamics. For the case
actively involved in the complex formation. For instance, in of 7HQ(—N—)/ACID(—OH) complex, the ESDPT requires a
the case of a 1.1 7HQ/ACID complex, the value #f,pt+ pKp transfer of proton from the carboxylic site to the quinolinic
was calculated to be on the order of 7THQ{—)/ACID(—0OH) nitrogen through the existing hydrogen bond followed by a
< 7THQ(=OH)/ACID(—0~-) ~ 7THQ(—OH)/ACID(=0), which transfer of the hydroxyl proton in 7H@{OH) to the carbonyl
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oxygen of ACID&EO). However, a full geometry optimized
structure of the 7THQ{N—)/ACID(—OH) complex clearly
shows that the hydroxyl proton in 7HQ and carbonyl oxygen
in ACID are far separated from each other by 3.858 A. The
lack of hydrogen-bond formation in combination with a large
hydrogen displacement may significantly reduce the proton
tunneling rate, hence prohibiting the ESDPT within the life span
of the excited 7THQ{ N—)/ACID(—OH) complex. In contrast,
the observation of a predominant keto emission with an
instrument-response limited rise time§ x 1° s1) indicates
that the rate of ESDPT must be still rapid in comparison to
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focusing on the 7HQ proton-transfer dynamics in the pico-
femtosecond region should be performed to verify the proposed
mechanism.

Conclusion

We have studied hydrogen-bonded complexes of 7HQ by
means of absorption, emission, and ab initio approaches. A
specific hydrogen-bonding site in the complex has been
determined by applying various derivatives of 7HQ incorporated
with guest molecules possessing only either a proton-donating
or -accepting site. The result was rationalized by a correlation
of the hydrogen-bond strength with respect to the donor’s acidity
and the acceptor’s basicity. For self-association, there exists an
equilibrium with similar association constants for both 7HQ
cyclic and linear dimers at room temperature. The 7HQ cyclic
dimer undergoes fast ESDPT, resulting in a unique keto-
tautomer emission. For the case of 1:1 7HQ/ACID complex
possessing only a single hydrogen bond, the ESDPT reaction
also takes place, forming a keto/ACID complex. The result can
be tentatively rationalized by a mechanism incorporating both
proton transfer and rotational diffusion dynamics depicted in
Scheme 3.
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