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Excited-State Prototropic Equilibrium Dynamics of 6-Hydroxyquinoline
Encapsulated in Microporous Catalytic Faujasite Zeolites
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Abstract: The excited-state proton
transfer and geminate recombination
of 6-hydroxyquinoline (6HQ) encaged
in catalytic Nat-exchanged faujasite
zeolites X (NaX) and Y (NaY) have
been explored by measuring steady-

cited-state proton transfer of a 6HQ
molecule encapsulated in a zeolitic
nanocavity is initiated by deprotona-
tion of the enolic group to form an
anionic intermediate and completed by
subsequent protonation of the imino

group to form a zwitterionic tautomer.
Geminate recombination occurs to
compete with proton transfer at each
tautomerization step of excited-state
6HQ because of the confined environ-
ment of dehydrated zeolitic supercages.

state and picosecond time-resolved
spectra. The pathways and rate con-
stants of proton transfer of excited
6HQ are determined by the microscop-
ic environment of zeolitic hosts sur-

. eolites
rounding the guest molecules. The ex- Ze0t

Introduction

Zeolites, which are aluminosilicate materials with nanome-
ter-sized void spaces in the form of cages or channels, have
been the subject of growing interest because they can be
widely used as solid catalysts in many technological and eco-
nomical applications.'¥ In particular, they are used as
shape-selective catalysts in the production of biofuels as
well as in petrochemical processes, such as cracking and re-
forming.®” They can be also used as host systems for di-
verse organic molecules to control the photochemical behav-
ior of the encaged guest molecules.® Host-guest systems are
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Consequently, excited-state equilibria
among three prototropic species of
6HQ are established in microporous
catalytic faujasite zeolites. Kinetic dif-
ferences in NaX and NaY are attribut-
ed to dissimilarities in acidity/basicity.

host—

applicable in various fields, such as ion exchange, catalysis,
sensing, and supramolecular organization.”'¥l These wide-
spread applications of zeolites are mainly attributed to their
catalytic activity,"”) which is mainly due to the presence of
Brgnsted acid/base sites. The acid/base sites of zeolites are
capable of adsorbing guest molecules by strong hydrogen-
bonding interactions and lead to protonation or deprotona-
tion of the guest molecules. Accordingly, special attention
has been paid to the structures of products generated
through acid-base interactions between guest molecules and
host zeolites, and various experimental methods have been
employed to deduce whether the products have protonated
or deprotonated structures.*?*! However, to understand the
roles of acid/base sites thoroughly in catalytic processes of
zeolites, it is vital to investigate the elementary steps of in-
teractions between guest molecules and catalytic sites
(Brgnsted acid/base sites) in the host zeolites.

Synthetic faujasites of X and Y types are among the most
intensively used zeolites.""'*) Both X and Y zeolites have a
faujasite framework, with a cage 13 A in diameter intercon-
nected by four 8 A windows (Figure 1). However, X and Y
zeolites have different Si/Al ratios, and thus their internal
spaces have dissimilar polarities. Acid/base properties of
zeolites are known to be dependent on Si/Al ratios as well
as on preparation methods such as dehydration.” The acidi-
ties of zeolites increase as Si/Al ratios increase, as protons
replace metal cations, or as exchanged metal cations have
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Figure 1. 6HQ encapsulated in a faujasite zeolitic nanocavity.

higher charge density.”**"! Experimental studies have sug-
gested that the number of protons located in a zeolitic su-
percage is 29 per unit cell and that the acidity of a proton-
exchanged zeolite is as strong as that of a 70 % aqueous so-
lution of H,SO,.2%31

Proton-transfer reactions have been extensively investi-
gated because they play important roles in a wide variety of
chemical and biological processes.>*>*! Zeolites are fasci-
nating media to study the proton-transfer dynamics of guest
molecules without interference by solvent reorganization
that occurs in solvents and makes it difficult to directly ob-
serve intrinsic proton transfer. Exploration of the proton-
transfer dynamics of adsorbed molecules in zeolites helps to
understand encapsulation effects of adsorbates confined in
host materials as well as the catalytic activities of zeolites.
Photoinitiated processes of guest chromophores encaged in
host materials have been attracting considerable attention
due to novel applications in diverse fields.”*>" In particu-
lar, applications as artificial photosynthetic mimics and po-
tential uses such as optical storage, sensor materials, and
self-organizing systems are subjects of growing interest.’'=]
Hydroxyquinolines, which are amphoteric aromatic mole-
cules with two prototropic groups,®**! may be good candi-
dates to investigate the catalytic properties and host-guest
interactions of zeolites. Because the enolic group and the
imino group of 6-hydroxyquinoline (6HQ) are more acidic
and more basic, respectively, in the first excited singlet state
than in the ground state,***> photoexcitation may cause
excited-state tautomerization through enol deprotonation to
form an anionic intermediate or imine protonation to form
a cationic intermediate.

Herein we report the excited-state prototropic equilibri-
um dynamics of 6HQ encapsulated in Na*t-exchanged fauja-
site zeolites X (NaX) and Y (NaY).As shown in Figure 2,
excited-state proton transfer (ESPT) of 6HQ in zeolitic
nanocavities occurs in two steps; the first step is enol depro-
tonation of the normal species (HOQN, N) to form an
anionic intermediate species (TOQN, A), and the second
step is imine protonation of "OQN to form a zwitterionic
tautomeric species (TOQNH™, T). We neglected the possi-
bility of forming a cationic intermediate in the first ESPT
step because the interior of NaX and NaY zeolites is basic
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Figure 2. Proton transfer and relaxation of the prototropic species of ex-
cited-state 6HQ in microporous catalytic faujasite zeolites.

after being dehydrated at 670 K for 5h. Thus, as the first
step of the ESPT, enol deprotonation of 6HQ induced by
proton acceptance of Brgnsted base sites in the zeolites
occurs predominantly in both NaX and NaY zeolites. Excit-
ed-state tautomerization of 6HQ in neutral water is known
to take place via an anionic intermediate.">*! On the other
hand, interesting kinetic features have been observed be-
cause geminate recombination, as the reverse reaction of
ESPT, also occurs at each step of 6HQ tautomerization due
to the confined environment of dehydrated zeolitic nanocav-
ities. In the first step, geminate recombination with rate con-
stant k_, takes place between a proton, which has been
transferred from the enolic group of HOQN to a base site
in the faujasite zeolite, and “OQN. In the second step, gemi-
nate recombination with rate constant of k_, occurs between
the imino proton of “"OQNH™* and a base site in the zeolite.
Consequently, the prototropic equilibria of 6HQ in micropo-
rous zeolitic hosts are established in the first excited singlet
state.

Results and Discussion

12Xe NMR spectra: Intercalation of 6HQ molecules into
zeolitic supercages of NaX and NaY was confirmed by
129Xe NMR spectroscopy (Figure 3). The chemical shift of
6HQ-containing NaY (6HQ-NaY) is 17 ppm larger than
that of bare NaY, whereas that of 6HQ-containing NaX
(6HQ-NaX) is 10 ppm larger than that of bare NaX. The
large chemical shifts of 6HQ-loaded zeolites are attributed
to strong interactions with guest 6HQ molecules adsorbed
within zeolitic supercages in addition to interactions with su-
percage walls and other xenon atoms in bare zeolites. A

80 : 1"30 : 150
Chemical shift / ppm
Figure 3. '”Xe NMR spectra of a) bare NaY, b) bare NaX, c) 6HQ-NaY,

and d) 6HQ-NaX, showing chemical shifts of 6=84, 100, 101, and
110 ppm, respectively.
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single Lorentzian NMR line is known to reflect the average
environment of numerous collisions of xenon atoms on the
sweeping timescale of the NMR measurement, although the
shift in the NMR line is weighted by collision probabili-
ties.’>* The '®Xe NMR spectra of hydroxyquinoline-
loaded NaY prepared at low temperature (520 K) were
almost the same as the spectrum of bare NaY.F”!

Diffuse-reflectance spectra: The acidity and basicity of fau-
jasite zeolites, which are dependent on the Si/Al ratio, can
affect the absorption and emission properties of guest mole-
cules confined in the zeolitic hosts. Consistently, the diffuse-
reflectance spectra of 6HQ-NaX and 6HQ-NaY are quite
different because of differences in the basicity of two zeo-
lites (Figure 4); NaX (Si/Al 1.4) is more basic than NaY (Si/

Absorbance / a.u.

300 : 400 500
Wavelength / nm

Figure 4. Diffuse-reflectance spectra of 6HQ intercalated in the micropo-
rous supercages of NaX (blue line) and NaY (red line).

Al 2.4). Both spectra in Figure 4 indicate that three possible
prototropic species of 6HQ exist in the ground state (Fig-
ure S1 in the Supporting Information). The absorption spec-
trum of 6HQ in NaX shows the dominant absorption of
HOQON at 1=325nm, with a large shoulder at =365 nm
arising from “OQN and additional weak absorption around
A=430nm attributed to "OQNH™*. Although "OQN ab-
sorption is much weaker in NaY than in NaX, "OQNH™ ab-
sorption is significantly larger in NaY than in NaX. Thus,
the fractions of “OQN and "OQNHT* depend on the Si/Al
ratios of faujasite zeolites, which implies that the acid/base
sites of zeolites play pivotal roles in controlling the proto-
tropic equilibria of guest molecules. Because NaY is rela-
tively acidic compared with NaX, the fraction of " OQNH™*
formed by protonation of "OQN is significantly higher in
NaY than in NaX. On the other hand, the absorption of
“OQNH™ around 41=430 nm is not observed at any pH of
aqueous solutions, although "OQN absorption is observed
in neutral water as well as in basic aqueous solutions.[*’]
Considering that tautomeric species are hardly present in
aqueous solutions but exist in a significantly high fraction in
catalytic zeolites, we can infer that numerous acid and base
sites exist together at different locations in a zeolite and
that zeolites are more polar than water.

Emission spectra: The steady-state fluorescence of 6HQ-ad-
sorbed NaX and NaY is mainly emitted from A* and T* be-
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cause almost all N* molecules undergo deprotonation readi-
ly to form A* followed by protonation of A* to form T* in
both basic zeolites. On one hand, the emission spectrum of
6HQ-loaded NaX shows A* fluorescence predominantly
with the emission maximum at 1=450nm and a long red
tail around A=510nm representing formation of T*
(Figure 5). On the other hand, as "OQNH™ already exists

Intensity / a.u.

T r T -
400 500 600
Wavelength / nm

Figure 5. Emission spectra of 6HQ encapsulated in the catalytic nanocav-
ities of NaX (blue line) and NaY (red line) with excitation at 2=320 nm.

with a high fraction in NaY at the moment of excitation, the
excitation of 6HQ-NaY gives rise to T* fluorescence promi-
nently at =513 nm as well as weak A* fluorescence at 1=
450 nm. The emission spectra of 6HQ in catalytic faujasite
zeolites are quite different from those of 6HQ in aqueous
solution at any pH (Figure S2 in the Supporting Informa-
tion); the most noticeable difference is that emission from
the excited quinonoid form is not observed in zeolites, al-
though it is observed in aqueous solutions.*”] Zwitterionic
T* is unstable in aqueous solutions, so that fast charge trans-
fer from the deprotonated enolic ring to the iminium ring of
the zwitterionic form occurs rapidly in aqueous solutions to
produce a less dipolar quinonoid form as the final product
on the first excited singlet potential surface.[***

Time-resolved fluorescence spectra: Figure 6 shows time-re-
solved fluorescence spectra for various time delays of 6HQ
intercalated in NaX and NaY. Although time-dependent

Intensity / a.u.

T - T
350 450 550
Wavelength / nm

Figure 6. Time-resolved fluorescence spectra of 6HQ encaged in a) NaX
and b) NaY after a time delay of 0 (purple), 70 (blue), 200 (green), 500
(yellow), and 2000 ps (red). The samples were excited at A =315 nm.
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spectral evolution depends on the zeolite, the fluorescence
spectra of both 6HQ-NaX and 6HQ-NaY continuously red-
shift with increasing time, that is, a species emitting higher-
energy light is transformed into one emitting lower-energy
light in the excited state. The time-resolved fluorescence
spectra of 6HQ-NaX and 6HQ-NaY at a time delay of 0 ps
after excitation have almost the same maximum at A=
404 nm, attributed to N* fluorescence. However, those re-
corded 2000 ps after excitation are quite different from one
another; the time-resolved fluorescence spectrum of 6HQ-
NaX with the emission maximum at A=440 nm is mainly
due to A* formed by the enol deprotonation of N*, whereas
that of 6HQ-NaY with the emission maximum at =500 nm
is predominantly due to T* generated through imine proto-
nation of A*. This agrees well with the steady-state fluores-
cence spectra, which have maxima at =450 and 513 nm for
6HQ-NaX and 6HQ-NaY, respectively (Figure 5). Imine
protonation of A* to form T* is less favorable in NaX than
in NaY because NaX is more basic than NaY. Accordingly,
the fraction of A* in NaX still remains high even 2000 ps
after excitation. The wavelength of the emission maximum
of the time-resolved spectrum at 2000 ps is shorter by 13 nm
in NaY than that of the steady-state spectrum because the
transformation of A* into T* is not yet complete at that
point.

Fluorescence kinetic profiles: Because N excitation gives
three distinctive fluorescence bands of N*, A%* and T%*, the
fluorescence kinetic profiles of 6HQ-NaX and 6HQ-NaY
with excitation at =315 nm were monitored at =360 nm
for N* at 1=450nm for A*, and at A=600nm for T*
(Figure 7), and kinetic constants were extracted from expo-
nential rise and decay fits (Table 1). The kinetic profile of

Table 1. Fluorescence kinetic constants of 6HQ encapsulated in catalytic
faujasite zeolites, taken from Figure 7.

Aem [nm]  Zeolite Time constants [ps]
360 NaX 36 (0.59)1 +210(0.34) + 1600 (0.07)
NaY 36 (0.35)+210 (0.56) 41600 (0.09)
450 NaX 36 (—0.24) 4210 (0.05) 4+ 1600 (0.46) +9600 (0.49)
NaY 36 (—0.09)+210 (0.31)+1600 (0.53)+12200 (0.16)
600 NaX 36 (—0.57)+210 (—0.43) 41600 (0.07) +15600 (0.93)

NaY 36 (—0.80)+210 (—0.20)+ 1600 (0.22)+18000 (0.78)

[a] Negative and positive values of initial fractional amplitudes indicate
rise and decay time constants, respectively.

each prototropic species was monitored without interference
of the fluorescence of the other two prototropic species.
However, all of the measured kinetic profiles had three
components of 36, 210, and 1600 ps regardless of the moni-
tored wavelength, although every profile monitored at A=
450 and 600 nm had an additional fourth component show-
ing very long decay. The initial fractional amplitudes of the
three components, which could be negative (indicating rise
components) or positive (indicating decay components),
varied depending on the monitored wavelength. This implies
that the reverse processes of 6HQ tautomerization in fauja-
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Figure 7. Fluorescence kinetic profiles of 6HQ encapsulated in NaX
(blue line) and NaY (red line) excited at A=315 nm and monitored at

a) 360 nm, b) 450 nm, and c) 600 nm. Insets display kinetic profiles mea-
sured at long time domains to show slow decay kinetics.

site zeolites should be considered as well to fit fluorescence
kinetic profiles. The reverse processes make kinetic con-
stants in zeolitic nanocavities more complicated than those
in aqueous solutions.”! Consequently, geminate recombina-
tion, as the back-reaction of ESPT, also occurs at each step
of 6HQ tautomerization due to the confined and dried envi-
ronment of faujasite zeolites. The longest decay times ob-
served at =450 and 600 nm are attributed to the relaxation
time constants of A* and T*, respectively, and the rate con-
stant of N* relaxation cannot be extracted directly from an
experimentally measured kinetic profile because N* relaxa-
tion is convoluted with ESPT and geminate recombination.

It is worth noting that the three time constants are invari-
ant regardless of whether the zeolite type is NaX or
NaYalthough the three initial fractional amplitudes depend
on the zeolite type. We attribute these unusual kinetic fea-
tures to the different numbers of acid and base sites present

Chem. Eur. J. 2010, 16, 12609 12615
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in NaX and NaY, which have the same faujasite framework
but different Si/Al ratios. Meanwhile, the rate constants of
the ESPT of 6HQ in NaX, deduced by computational nu-
merical analysis using the observed time constants and am-
plitudes given in Table 1 (see below), are different from the
respective values in NaY, as shown in Table 2. The proton-
transfer and relaxation processes of the prototropic species
of excited 6HQ can be depicted as shown in Figure 2, in
which ky, ka, and k; denote the radiative and nonradiative
relaxation rate constants of N*, A*, and T*, respectively.

Table 2. Excited-state tautomerization and relaxation kinetic constants
of 6HQ encaged in zeolites.

Zeolite k,! k7' k! ko' k! k! k!

[ps] [ps] [ps] [ps] [ps] [ps] [ps]
NaX 67 180 420 710 1100 9600 15600
NaY 71 120 380 770 1450 12200 18000

Kinetic analysis: The rate constants of ESPT and N* relaxa-
tion for 6HQ-NaX and 6HQ-NaY were calculated from
computational numerical analyses of the observed kinetic
constants given in Table 1. Following the global analysis by
Giestas et al.,” we conducted numerical analyses of the ob-
served kinetic constants given in Table 1 by using the Math-
ematica 5.2 program (Wolform Research) to obtain the rate
constants of Figure 2. The mechanism of Figure2 can be
translated into Equation (1):

HOQN -X k, O HOQN
% “OQON |=|k -Y k,|x| ~OON (1)
“OQNH* 0 k -Z “OQNH"

in which X=k,+ky, Y=k_+k,+k,, and Z=k_,+ k. The
observed kinetic constants of (9600 ps)~! and (15600 ps)~!
were used for k, and ki, respectively, of 6HQ-NaX, and
(12200 ps) ' and (18000 ps)~! were used for k, and ky, re-
spectively, of 6HQ-NaY.

The rate constants of excited-state tautomerization and
relaxation for 6HQ-NaX and 6HQ-NaY (Table 2) indicate
that encapsulation of 6HQ in faujasite zeolitic hosts retards
both enol deprotonation of N* (k;) and imine protonation
of A* (k,) enormously, compared with the respective values
in water.”! Encapsulation of 6HQ in the dry environment
of dehydrated NaY slows down enol deprotonation of N*
by a factor of 3.4* because the enolic group is bound to a
weak base site having a limited hydrogen-bond network.
Imine protonation of A* in NaY is even slower (by a factor
of 8.8) than that in water.!*”) We consider that the imine pro-
tonation of A* in a zeolitic nanocavity takes place very
slowly because Brgnsted acid sites are rare in the framework
of faujasite zeolites dried at 670 K. Furthermore, hydrogen
bonding required for the protonation of the imino group of
A* can be made by diffusion of a proton, which is slow in
dehydrated zeolites. It is worth noting that both the reverse
process of N* deprotonation to form A* (k_;) and the re-
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verse process of A* protonation to form T* (k_,) are much
faster in faujasite zeolites than in water, although both for-
ward processes are slowed down tremendously in zeolites.
We suggest that geminate recombinations occur readily as
reverse reactions because the contact ion pairs produced by
forward reactions are not well separated in the diffusion-
limited environment of dehydrated faujasite zeolites.

The dissimilar Si/Al ratios of NaX and NaY lead to differ-
ent rate constants of 6HQ-NaX and 6HQ-NaY in excited-
state tautomerization. The rate constant of N* deprotona-
tion to form A* (k;) is slightly larger in NaX, which has
higher basicity, than in NaY, whereas the rate constant of
the reprotonation of A* to form N* (k_;) is much smaller in
NaX, which has relatively weak acidity, than in NaY. Fur-
thermore, the rate constant of A* protonation to form T*
(k,) is smaller in NaX than in NaY, whereas the rate con-
stant of the redeprotonation of T* to form A* (k_,) is larger
in NaX than in NaY. This consequently suggests that the
acid/base properties of catalytic faujasite zeolites play an im-
portant role in determining both the pathway and the rate
constants of acid-base reactions for the guest molecules enc-
aged in zeolitic hosts; protonation processes are facile in
NaY having the higher Si/Al ratio, whereas deprotonation
processes are easy in NaX with the lower Si/Al ratio. Of
note is that all the relaxation processes of N*, A* and T*
are substantially faster in NaX than in NaY (Table 2), which
has the more homogeneous structure due to the larger Si/Al
ratio.

Conclusion

Excited-state equilibria involving excited-state proton trans-
fer and geminate recombination of 6HQ encapsulated in
catalytic faujasite zeolites NaX and NaY have been ex-
plored by measuring steady-state and picosecond time-re-
solved spectra. The intercalation of 6HQ molecules into
zeolitic nanocavities of NaX and NaY has been confirmed
by '¥Xe NMR spectroscopy. Steady-state spectra indicate
that the acid/base properties of zeolites control the absorp-
tion and emission properties of 6HQ molecules confined in
the zeolitic hosts. The excited-state proton transfer of a
6HQ molecule encapsulated in a zeolitic nanocavity is initi-
ated by deprotonation of the enolic group to form an anion-
ic intermediate and completed by the subsequent protona-
tion of the imino group to form a zwitterionic tautomer.
Proton transfer at each tautomerization step of excited-state
6HQ competes with its reverse geminate recombination re-
action because of the confined and dry environment of zeo-
litic supercages. Consequently, excited-state equilibria
among three prototropic species of 6HQ are established in
microporous catalytic faujasite zeolites. The rate constants
of proton transfer of excited 6HQ are determined by the mi-
croscopic environment of zeolitic hosts surrounding the
guest molecules. Kinetic differences in the two types of fau-
jasite zeolites are attributed to dissimilarities in the acidity/
basicity of NaX and NaY.
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Experimental Section

Materials: 6HQ (purchased from Sigma-Aldrich) was used after purifica-
tion by vacuum sublimation. NaX and NaY zeolites were synthesized by
following known procedures,**® washed with doubly distilled hot water,
and dried in a vacuum oven. After dehydration at 670 K under 10~° torr
for 5 h followed by cooling to RT, NaX and NaY zeolites were found to
have typical unit cell formulas of Nag,(AlO,)s(Si0,),1,,250 H,0O and Nas,-
(AlO,)54(S10,)13:250H,0, respectively. A quartz tube containing a
known amount of NaX or NaY and a Pyrex tube containing a known
amount of 6HQ to give a desired loading of 0.025 moleculessupercage '
were connected to vacuum ports individually, and then maintained at 273
and 670 K, respectively, under vacuum for 2 h. Then the Pyrex tube was
joined with the quartz tube at 670 K under vacuum to introduce 6HQ
molecules into the supercages of zeolites by subliming 6HQ for 12 h. The
quartz tube containing 6HQ-loaded zeolites was sealed off, maintained at
570 K for 3 h, then slowly cooled to RT. A uniform distribution of 6HQ
in zeolites was obtained."® The quartz tube containing the intact
sample was directly used for optical measurements, whereas the sample
was transferred to a specially designed NMR tube under N, atmosphere
for '”Xe NMR measurements to confirm that 6HQ molecules were inter-
calated into the zeolitic hosts. X-ray diffraction was also used to confirm
that the zeolitic framework did not change during dehydration and inter-
calation processes. To obtain the pH-dependent absorption and emission
spectra of 6HQ in water, the pH was adjusted by adding dilute aqueous
HCI or NaOH to aqueous 6HQ.

Measurements: For the 'Xe NMR studies to obtain information on the
distribution of 6HQ into zeolitic supercages, '“Xe gas (Matheson,
99.995 %) was introduced through stopcocks into samples in NMR tubes
at RT and allowed to equilibrate to 300 torr. '¥Xe NMR spectra were
measured by using a Bruker AM 300NMR spectrometer operating at
83 MHz. A homemade spectrometer was used to measure diffuse reflec-
tance. The wavelength of a tungsten/deuterium lamp was selected by
using a 0.25m monochromator (Kratos, GM252) and a sample was
mounted at the tangent of an internally MgO coated integrating sphere.
The diffuse reflectance of the sample with rejection of specular reflection
was detected at right angles to the illuminating beam by using a photo-
multiplier tube (Hamamatsu, R374). For measurements of emission spec-
tra, the excitation wavelength of a 350 W Xe lamp (Schoeffel,
LPS255HR) was selected by using a 0.25 m monochromator (Kratos,
GM252), and the emission wavelength by using a 0.25 m monochromator
(Kratos, GM252) equipped with a photomultiplier tube (Hamamatsu,
R376). Fluorescence kinetic profiles were measured by using a 10 ps
streak camera (Hamamatsu, C2830) attached to a CCD detector (Prince-
ton Instruments, RTE-128-H) by exciting samples at 1=315nm with
pulses from a Raman shifter, filled with 15 atm CH, gas and pumped by
the fourth-harmonic pulses of 1=266 nm from a 25 ps Nd:YAG laser
(Quantel, YG501). Fluorescence wavelengths were selected by using a
0.15 m monochromator (Acton Research, Spectrapro-150). Time-resolved
fluorescence spectra were constructed by measuring a fluorescence kinet-
ic profile every 10 nm. Fluorescence kinetic constants were extracted by
fitting measured kinetic profiles to computer-simulated kinetic curves
convoluted with instrument temporal response functions, and the numeri-
cal analyses of the extracted kinetic constants to obtain rate constants
were carried out with a computer program (Wolform Research, Mathe-
matica 5.2 for Students). All the measurements were carried out at RT,
and all the fluorescence spectra were not corrected for the wavelength-
dependent sensitivity variation of detectors.
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