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The excited state intramolecular proton transfer and physical properties of 7-hydroxyquinoline are studied in various
solutions and heterogenecus systems by measuring steady state and time-resolved fluorescence, reflection and NMR
spectra. Proton transfer is observed only in protic solvents owing to its requirement of hydrogen-bonded solvent
bridge for proton relay transfer. The activation energies of the proton transfer are 2.3 and 54 KkJ/mol in CH,OH
and in CH,OD, respectively. Dimers of normal molecules are stable in microcrystalline powder form and undergo
an extremely fast concerted double proton transfer upon absorption of a photon, consequently forming dimers of
tautomer molecules. In the supercage of zeolite NaY, its tautomeric form is stable in the ground state and does

not show any proton transfer.

Introduction

Proton transfer reactions are among the simplest chemical
reactions. Nevertheless they have provided us a vast amount
of information for equilibria, kinetics, isotope effects, free
energy relationship, etc, compared with any other class of
reactions since Arrhenius’s acid-base definition. Since 1924!
the rate constants of proton transfer reactions have been
known to be correlated with the equilibrium constants, which
can be different by many orders of magnitude between ex-
cited and ground states of molecules®®. In the case where
functional groups with opposite pK tendencies in excited sta-
tes occupy nearby sites within one molecule, the proton may
transfer from one group to the other upon absorption of a
photon*, generating an excited state tautomer, which relaxes
to the ground state then undergoes back proton transfer,
as depicted in the Figure 1. A variety of molecular systems
have been studied extensively for excited state intramole-
cualr proton transfer recently®™ !,

Kasha® suggested that the phenomena of excited state in-
tramolecular proton can be distinguished into four classes
according to their molecular mechanisms. Intrinsic intramo-
lecular proton transfer, eg. 3-hydroxyflavone? and 2-hy-
droxy-4,5-benzotropone®, involves ultrafast proton transfer
across an intramolecular hydrogen bond. Concerted biprotic
transfer, ¢g. 7-azaindole dimers and solvates", involves coo-
perative double proton transfer in a cyclic complex. Static
and dynamic catalysis of proton transfer, e.g. lumichrome',
involves strong catalysis in doubly hydrogen-bounded acetic
acid complexes. Proton relay transfer, ¢.g. 7-hydroxyquincline
(THQ, I in the Scheme 1)*~2 and 3-hydroxyxanthone®®,
is suggested as involving mutiproton-bridged solvates, Proton
relay transfer may serve as experimental model for proton
relays and proton pumps for transport of protons across
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Figure 1. Intramolecular proton transfer double well potential,
with Qu as the proton transfer coordinate. Excited state intra-
molecular proton transfer follows the photoexcitation of mole-
cules by dramatic changes of acidity and basicity of two adjacent
functional group. Then back proton transfer in the ground state
follows the relaxation of tautomer molecules.

membranes in biological systems™ %, In the present paper
we report a study of the excited state intramolecualr proton
transfer of 7HQ in various solutions and heterogeneous sys-
tems by observing steady state and time-resolved fluoresce-
nce spectra as an attempt to establish a mechanism for pro-
ton relays and proton pumps in biological systems.
Mason ef al.'® observed that the OH group of 7HQ and
6-hydroxyquinoline is mor acidic and the ring nitrogen atom
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is more basic in the excited state than in the ground state.
Excited state proton transfer was first reported in a metha-
nol solution of 7HQ in 1982'7 and the participation of solvent
molecules was found to be important in the proton transfer
of THQ®, 7HQ requires two protic solvent molecules to
undergo the excited state prcton transfer and the involved
solvent molecules are considered to act separately at the
proton donor and acceptor sites’, as illustrated in the
Scheme 1. 7HQ has been reported® to show a remarkably
siow back proton transfer time, 3.5 us in CH;OH, to S, state
from S, state and an extraordinarily large deuterium isotope
effect, 30 us in CH,0D. This could represent more than two
proton relay case of intramolecular proton transfer in the
ground state. -

It would be interesting in the present work to compare
the nature of excited state intramolecular proton transfer
of 7HQ in various solutions with that in other heterogeneous
systems. Adsorbed 7HQ in zeolite might be particularly in-
teresting since the 7HQ in zeolite can be homogeneousty
distributed as isolated molecules within the supercage of
NaY zeolite with the size of 1.3 nm. Its proton transfer char-
acteristics might stress the role of protic solvent in the pro-
cess.

Experimental

Materials. The compounds of THQ and 8-hydroxyquino-
line (8HQ) purchased from Aldrich were purified by vacuum
sublimation. Spectral grade alcoholic solvents were used
without further purification. Ethanol-free chloroform, obtain-
ed by shaking spectral grade chloroform with concentrated
sulfuric acid, was washed with water, dried over calcium
chloride and then slowly distilled in a fractionating column
under nitrogen atmosphere. Deutrated 7HQ (7DQ) in CH;0D
was prepared by equilibrating 7HQ in 99% CH,0D three
times. The typical concentration of 7HQ in solutions was
1X107¢ M. The solution temperature was controlled using
a cold finger of an Air Products 202E open cycle helium
displex. High-purity zeolite was synthesized, washed with
doubly distilied hot water and dried in a vacuum oven. The
structure was identified by using the methods of X-ray diff-
raction and "Xe NMR. Unit cell formula of this sample after
complete dehydration at 670 K was determined to be
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Nass(A102)56(Si02)156 - 250H;0 by elemental analysis. A Pyrex
test tube containing 7HQ (or 8HQ) and a tube containing
NaY zeolite powder were jointed with a vacuum port. The
7HQ and NaY samples were maintained at 273 X and 720
K under vacuum for 2 h, respectively. The vacuum port was
then sealed off by flame. 7HQ molecules were introduced
into the supercage of the NaY zeolite by sublimating 7HQ
with placing the two sample tubes at a certain temperature
(520 K hereafter if preparation temperature is not mention-
ed) which were jointed under vacuum. After sublimating 7
HQ for 2 h, the sample was slowly cooled down to maintain
a uniform distribution of the organic molecules in the zeolite
sample. Then the sample was transferred into a quartz cell
or a specially designed NMR tube under a dry N, at-
mosphere.

Steady State Measurements. Static fluorescence spec-
tra were obtained using an Aminco-Bowman Spectrophoto-
meter. All the fluorescence spectra reported here are not
corrected for the variation of the detector sensitivity as a
function of wavelength. Reflection spectra were measured
using a Shimadzu UV-VIS-NIR Recording Spectrophotometer.
The reference material used for the reflection measurements
was magnesium oxide powder. For Xe-NMR study. xenon
gas (Matheson, 99.995%) of desired pressure was equilibra-
ted with the sample at 296 K through stopcocks on the NMR
tube. '#Xe-NMR spectrum was obtained by a Bruker AM-
300 instrument operating at 830 MHz. Neither the sample
spinning ner the field locking was employed. Each spectrum
was obtained after accumulating a 90°-pulse transient more
than 100 times. The chemical shift was referenced to the
xenon in bulk gas phase extrapolated to zero pressure. The
chemical shift variation and the NMR line splitting were
used to obtain the information on the distribution of 7THQ
in zeolite.

Fluorescence Kinetic Measurements. A Coherent
Antares Nd : YAG laser was actively mode-locked at 76 MHz
and frequency-doubled by a KTP crystal to synchronously
pump a dualjet dye laser. The cavity-dumped pulse from
the dye laser had ~2 ps pulse width, ~120 mW average
power at 3.8 MHz dumping rate and 560-607 nm tunability
when Rh6G for gain dye and DODCI for saturable absorber
dye were used. In order to excite the THQ, the dye laser
pulse was frequency-doubled using a KDP crystal. Wavel-
ength-selected fluorescence from 7HQ using a Jobin-Yvon
0.2 m spectrometer and a combination of optical filters was
focused to a Hamamatsu R928 photomultiplier tube. Fluores-
cence kinetics were measured by a time-correlated single
photon counting system. All the standard electronics for the
time-correlated single photon counting system were obtained
from EG & G Ortec. The instrument response function was
determined by measuring light scatter from pure n-pentane
and it was typically 700 ps.

Results and Discussion

Figure 2 shows the fluorescence spectra of 7HQ in chloro-
form and in methanol. The methanol solution shows dual
fluorescence with peaks at 382 nm {un band) and at 520
nm (green band) while the chloroform solution exhibits the
uv fluorescence band only. The uv band is due to the normal
fluorescence and the green band is attributed to the tauto-
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Figure 2. Fluorescence spectra of 7HQ in chloroform (a) and
in methanol (b). The methanol solution shows the normal (with
the peak at 382 nm) and tautomer fluorescence {with the peak
at 520 nm) while the chloroform solution shows the normal flu-
orescence (with the peak at 363 nm) only.
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Figure 3. Normal and tautomer fluorescence rise and decay
kinetic at 180 K of 7HQ in CH;OH (a) and 7DQ in CH,OD (b).
The deconvoluted rise and decay time constants and relative
amplitudes are listed in the Tabie 1.

mer fluorescence, as observed previously’®. The large red
shift of the normal fluorescence in methanol compared to
the fluorescence in chloroform indicates that the lowest tran-
sition is m-n* transition. Aromatic ring nitrogens are typically
more basic in the m-n* excited state than in the ground
state and the reverse is true for aromatic alcohols®. As a
result, the proton in the OH group of 7THQ in methanol solu-
tion transfers to the nitrogen upon absorption of a photon,
forming excited state keto form (III*), the tautemer form
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Table 1. Fluorescence Decay and Rise Times of 7HQ

Normal Tautomer
Solvent T (K} E, (kl/mo))
Decay (ns) Rise (ns)Decay (ns)
CH;,OH 02 (70%y 02 2.9 RT
15 (30%y
09 B0%y 09 54 180 2y
45 (20%)
CH:.0D 0.3 60%y 03 56 RT 54
1.9 @0y
16 (70%y 14 11 180
42 0%y
CHCl 05 RT
Powder <x0.1 <01 02 RT
Zeolite 2.7 W%y RT
(NaY) 80 60%)

“The percentages in parentheses indicate relative amplitudes for
respective decay components. * The activation energies were de-
termined using the temperature dependent rise times measured
at every 20 K from 180 K to 300 K although this table shows
data only at two temperatures for a better simple comparison.

of 7HQ, as shown in the Scheme 1. In ethanol-free chloro-
form solution, THQ does not show the tautomer fluorescence,
indicating that excited state proton transfer cannot undergo
without hydrogen-bonded solvent bridge.

The fluorescence rise and decay kinetics in methanol solu-
tion, illustrated in the Figure 3 and Tabile 1, show that the
fast decay time of the biphasic normal fluorescence is the
same as the rise time of the tautomer fluorescece. This indi-
cates that the major quenching channel of the normal fluore-
scence decay is due to the proton transfer. The normal mole-
cules showing the slow decay component of the biphasic nor-
mal fluorescence do not seem to undergo excited state pro-
ton transfer within the lifetime of the excited state since
the tautomer fluorescence does not show the corresponding
rise component. Figure 3 also demonstrates that the excited
state proton transfer is slower in CH;OD than in CH,OH.
The proton transfer time at room temperature was cbserved
to be 0.2 ns in CH;OH and 0.3 ns in CH;OD, respectively.
This isotope effect is relatively small cmpared to a reported
isotope effect” of the back proton transfer in the ground
states. Itoh ¢f al.? have reported that the back proton trans-
fer times in the ground state are 35 ws in CH;0H and 30
s in CHOD, respectively. This difference in the isotope
effect between the proton transfers in the excited and
ground states suggests that more solvent molecules might
be involved in the hydrogen-bonded solvent bridge of the
proton transfer in the ground state.

The activation energy of excited state proton transfer was
determined using the temperature dependent rise times of
the tautomer fluorescence measured at every 20 K from 180
K to 300 K and it was found to be 2.3 and 5.4 kJ/mol for
7HQ and 7DQ, respectively. It is worth while comparing
these activation energies with those in the ground state, 18
and 23 kJ/mol for 7HQ and 7DQ, respectively?. The activa-
tion energy in the excited state is much smaller than that
in the ground state, as expected based on the rate difference
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Figure 4. Fluorescence spectra of THQ in methanol at 77 K
(a), powder form (b} and zeolite NaY (c). The fluorescence peak
wavelengths are 363, 403 and £02 nm for 7HQ in methanol at
77 K (a), powder form (b} and zeolite NaY (c), respectively. The
powder form shows also a hump at 470 nm.

of proton transfer between the ground and excited states.
It is interesting to note that the activation energy difference
between 7HQ and 7DQ in the ground state is very similar
to that in the excited state. This might indicate that the
activation energy differences in both ground and excited sta-
tes are due, at least partially, to the vibrational zero-point
energy differences between 714Q and 7DQ in both states.
The fluorescence spectrum of the methanol solution at liquid
nitrogen temperature shows tae normal fluorescence only,
as shown in the Figure 4(a). This suggests that the excited
state proton transfer may not undergo in a rigid glassy system.
In a rigid glassy system, solvent reorganization to make the
necessary solvent bridge for proton transfer may not occur
within the lifetime of the excited state, Nevertheless, proton
transfer could occur via a pre-existed solvent bridge although
the fraction of molecules with a pre-existed solvent bridge
might be small. No observation of the excited state proton
transfer at liquid nitrogen temperature indicates that proton
transfer cannot occur within the lifetime of the excited state
at this low temperature even for the molecules with a pre-
existed solvent bridge. It is interesting to notice that the
fluorescence peak wavelength of methanol solution at liquid
nitrogen temperature shifts to the peak wavelength of chlo-
roform solution at room temperature.

The vacuum sublimated powder form of 7HQ emits fluo-
rescence with 2 peak at 502 nm and a hump at 470 nm
as shown in the Figure 4(b). The emission at 400 nm exhibits
an extremely fast decay time and the emission at 500 nm
with the hump shows a 0.2 ns decay component (3% in rela-
tive amplitude) besides the extremely fast decay component,
as listed in the Table 1. From the foregoing discussion, we
suggest that the emission band showing the maximum at
403 nm is attributed to fluorescence from normal excimer
molecules and that the emission band showing the maximum
at ~500 nm and the hump at 470 nm is due to fluorescence
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Figure 5. Reflection spectra of 7HQ in powder form (a) and
in zeolite NaY (b). Reference material was MgO powder. Dimers

of normal molecules are stable in powder form and tautomer
molecules are stable in the supercage of zeolite NaY.

from tautomer excimer molecules. In microcrystalline powder
form, the proton of the OH group in a2 molecule and the
nitrogen atom of the neighboring molecule may form a direct
cyclic hydrogen bond, resulting the formation of a ground
state stable dimer. Upon absorption of a photon, the excimer
of a2 normal molecule and an excited state normal molecule
undergo an extremely rapid concerted double proton transfer
via the pre-existed hydrogen bond, resulting in the formation
of an excimer of tautomer and excited state tautomer mole-
cules. Since the releasing proton and the accepting nitrogen
are directly in contact via hydrogen bond, this double proton
transfer is expected to be extremely rapid as intrinsic intra-
molecular proton transfer in nature. This proton transfer
time is too fast to measure with the current temporal resolu-
tion. The relatively small (3%) amplitude of the tautomer
excimer fluorescence decay indicates that other extremely
fast nonradiative relaxation processes for the normal excimer
molecules are predominant over the double proton transfer.
Since the rise time of the tautomer excimer fluorescence
is too fast to be resolved with the current temporal resolu-
tion, there is a possibility that the ground state stable tauto-
mer molecules or the tautomer dimers exist in equilibrium
with the ground state stable normal molecules or the normal
dimers and that both ground state stable species form exci-
mers immediately upon absorption of a photon. The reflec-
tion spectrum of 7HQ powder form in the Figure 5(a) shows
that tautomer molecules or tautomer dimers are not stable
but normal dimers are stable in the ground state. The reflec-
tion spectrum is spectrally located between the absorption
spectrum of normal molecules and the transient absorption
spectrum of tautomer molecules, spectrally similar to a typi-
cal dimer absorption.

Recent studies®? on adsorbed organic molecules in zeolite
supercage using '®Xe-NMP. showed that the chemical shift
of adsorbed xenon can increase due to the interaction be-
tween the adsorbed xenon and the organic molecule within
the supercage. We also investigated the distribution of hy-
droxyquinolines on NaY zeolite by using the ¥Xe-NMR te-
chnique. Figure 6 shows '®Xe-NMR spectra obtained from
NaY zeolite after the adsorption of THQ and 8HQ at various
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Figure 6. '®Xe-NMR spectra of adsorbed xenon for NaY (a),
7HQ in NaY prepared at 520 K (b), 8HQ in NaY prepared at
520 K (c), 8HQ in NaY prepared at 600 K (@) and 7HQ in NaY
prepared at 600 K (e), respectively. The supercage can contain
only one HQ molecule at most. The NMR spectra were obtained
in 400 torr xenon at 296 K.

temperatures. Spectrum(b), which was obtained after adsorp-
tion of 7HQ molecule in supercage at 520 K, does not show
any significant difference from the spectrum(a) obtained from
NaY zeolite under the same experimental conditions. It the-
refore seems that 7HQ does not enter the supercage by hea-
ting at 520 K. On the other hand, the spectrum(c) which
was obtained after adsorption of 8HQ under the same condi-
tion shows the appearance of two well-resolved NMR lines
indicating that 8HQ enters to adsorb in the supercage: one
has the same chemical shift as NaY zeolite and the other
has an increased chemical shift. Such a line splitting in **Xe-
NMR at room temperature with microcrystalline (1 um size}
Na¥ zeolite is due to macroscopically heterogeneous distri-
bution of the adsorbed species®. A single Lorentzian NMR
peak with a larger chemical shift in the spectrum(d) indicates
that 8HQ molecules are uniformly distributed within the mi-
cropores of zeolite at 600 K. Compared with the result from
8HQ, a significant line broadening in the spectrum(e) shows
that the distribution of 7HQ under this condition is less uni-
form, Such a difficulty in the uniform distribution of 7HQ

Wee-Kyeong Kang et al.

may come from a diffusional hindrance. 7HQ cannot form
intramolecular hydrogen bonding while 8HQ does. Con-
sequently, 7HQ can dimerize or bind to the outside surface
of zeolite through intermolecular hydrogen bonding. 7HQ dii-
fuse into the supercage at higher temperature and less uni-
formly, compared to 8HQ. According to Itoh ¢ al® the 1:2
stoichiometric hydrogen bonding complex of 7HQ and me-
thanol undergoes proton transfer. The OH group releases
a proton to a solvent molecule and the nitrogen atom abstra-
cts a proton from solvent, producing a transient zwitterionic
form?'. We have investigated if 7THQ adsorbed inside the su-
percage of the NaY zeolite also undergoes a similar proton
transfer reaction since the zeolite has oxygen atoms and hy-
droxylic groups on the supercage wall. The emission
spectrum of 7HQ in the supercage of NaY zeolite, displayed
in the Figure 4(c), shows tautomer fluorescence only, indica-
ting that entire excited state molecules undergo proton tran-
sfer or that tautomer molecules are stable in the ground
state. The reflection spectrum of the Figure 5(b) demonstrates
that the tautomer molecules of keto form are stabler than
the normal molecules of enol form in the ground state.
Fluorescence kinetic measurements show a biphasic decay
of 2.7 and 80 ns time constants, probably due to heteroge-
neous characters of zeolite surfaces.

In conclusion, reftection, fluorescence and NMR spectro-
scopies and time-resolved fluorescence spectroscopy have
been performed to investigate the excited state intramolecu-
lar proton transfer and physical properties of 7HQ in various
solutions and heterogeneous systems. Methanol solutions
show dual normal and tautomer fluorescence, while chloro-
form solution show only the normal fluorescence. Proton
transfer is observed only in protic solvents owing to its re-
quirement of hydrogen-bonded solvent bridge for proton re-
lay transfer. The activation energies of the proton transfer
are 2.3 and 54 kJ/mol in CH,OH and CH;OD, respectively.
Dimers of normal molecules are stable in the microcrystal-
line powder form of 7HQ and undergo an extremely fast
concerted double proton transfer upon absorption of a pho-
ton, consequently forming dimers of tautomer molecules.
However, the relatively small amplitude of the tautomer ex-
cimer fluorescence indicate that other extremely fast nonra-
diative relaxation processes are predominant over the double
proton transfer. In the supercage of zeolite NaY, the tauto-
meric form is stable in the ground state and does not show
any proton transfer. 8HQ, compared to 7HQ. diffuses into
the supercage of zeolite at lower temperature and more uni-
formly.
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Microbial BOD Sensor Using Hansenula anomala
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A microbial sensor for BOD (Biochemical Oxygen Demand) measurement has been developed by immobilizing Hanse-
nula anomala in a polyacrylamide gel. The optimum pH and temperature for BOD measurement using this sensor
were pH 7.0 and 30T, respectively. The response time was 30 min. A linear relationship was observed between
the poteutial and the coacentration below 44 ppm BOD. The potential was reproducible within * 9% of the relative
error when a sample soiution containing 20 mg/! of glucose and 20 mg/! of glutamic acid was employed. The effect
of various compounds or BOD estimation was also examined. The potential output of the sensor was almost constant
for 30 days. The relative error in BOD estimation was within * 10%.

Introduction

Biochemical Oxygen Demanc (BOD) is one of the most
widely used and important tests in the measurement of the
organic pollution in waste waters, effluents, and polluted wa-
ters. The 5-day BOD test has remained a standard poltution
monitoring tool since 1936, In the 5-day BOD test, the bottle
size, incubation temperature (20C) and incubation period (5
days) are all specified as well as, furthermore, the skill of
operators is also required. Thercfore, because the 5-day BOD
test is too long and complex for use in process control, rapid
and reproducible methods are desirable. In an effort to deve-

lop a shorter test for a given sample, a bioelectrochemical
sensor consisting of microorganisms immobilized and dissol-
ved oxygen electrode has been developed.

The first BOD sensor was described by Karube ef a2
in which Clostridium bulyricum-collagen membrane and oxy-
gen probe was used. Furthermore, various microbial BOD
sensors using microorganisms, such as Trichosporon cuta-
neum™, Hansenula anomala®, Pseudomonas spf, Escherichia
coli’, Bacilius sublilis®, and thermophilic bacteria® have been
developed by many authors.

In this paper, a microbial BOD sensor consisting of immo-
bilized Hansenule anomala in a polyacrylamide gel and an



