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The aggregates of 2-(2′-hydroxyphenyl)benzoxazole (HBO), a typical molecule exhibiting excited-state
intramolecular proton transfer (ESIPT), were prepared and the photophysical properties of the aqueous
dispersion of aggregates were investigated. It is found that the aggregates and the solvated enols coexist in
the aqueous dispersion system. Furthermore, the aggregates undergo ESIPT to give rise to keto for green
emission, while the solvated enols give rise to blue emission. The temperature effects on the aqueous dispersion
of the HBO aggregates system were also explored. It shows a fluorescent ratiometric change in a range of
temperature from 15 to 60°C. A mechanism of a temperature-dependent equilibrium between the aggregates
and the solvated enols is proposed for the fluorescence change. The reversibility and robustness as well as
the stability of the aqueous dispersion of aggregates show very good performances, which may be useful in
the applications of molecular fluorescent temperature sensors or molecular thermometers.

Introduction

Molecular sensors have been extensively explored in the
development of novel functional materials as well as the
detection and measurement of various kinds of analytes.
Especially, molecular fluorescent sensors1 have received an
increasingly enormous amount of attention because they have
advantages in terms of high sensitivity, high selectivity, and
the ease of detection in the fluorescence changes of the systems.
The design principles and the operating mechanisms for these
fluorescent sensors, such as photoinduced electron transfer
(PET), electronic energy transfer (EET), charge transfer (CT),
and so on, have been reviewed.2-4 In addition, a number of
these sensors are now commercially available.5 However, the
investigations of molecular fluorescent sensors to probe the
environmental properties, such as temperature, despite being
of fundamental and practical importance in a wide variety of
systems, have received rare attention to date, and only a few
reports on these probes6-13 were found in the literature.

Molecules with an intramolecular hydrogen bond often
undergo excited-state intramolecular proton transfer (ESIPT)14

and have attracted considerable research interest in the develop-
ment of novel materials such as UV-photostablizers,15,16 laser
dyes,17,18and fluorescent probes.19-23 ESIPT is a photoinduced
tautomerization that yields excited-state keto species from the
enol species in the subpicosecond time scale even in rigid media
and at temperatures down to 4 K. After the relaxation of the
keto to the ground state, the enol is recovered spontaneously
by a reverse proton transfer (PT) process. It has been, therefore,
generally observed an abnormally large Stokes’ shift without
self-absorption, due to the emission of the keto as a result of
the absorption from the enol. 2-(2′-Hydroxyphenyl)benzoxazole
(HBO) (Scheme 1) is well-known as one of the typical
molecules exhibiting ESIPT.24-32 Its dual fluorescence is very

attractive from the standpoint of fluorescent sensor design,
especially in the ratiometric consideration. However, it is
reported that the fluorescence properties of HBO are also rather
complicated because of its solvent- and pH-dependent confor-
mational isomerisms and photoinduced tautomerization.33,34The
complexity of fluorescence of HBO has thus impeded the
development of new fluorescent sensors based on its dual
emission.

Herein, we report the temperature-dependent ratiometric
change in emission of the HBO aggregates system. With a
simple method,35 an aqueous dispersion of HBO aggregates was
easily and successfully obtained. The morphologies and structure
of the as-prepared HBO aggregates were studied by scanning
electron microscopy (SEM) and X-ray diffraction (XRD). The
photophysical properties of the as-prepared aqueous dispersion
of HBO aggregates were investigated by means of UV-visible
absorption spectra as well as steady-state fluorescence spectra.
It is found that the fluorescence of such a system displays a
temperature-dependent change in the visible region of the
spectrum ratiometrically, with very good performances in terms
of reversibility, robustness, and stability, which may be poten-
tially applicable in the design of temperature sensors.

Experimental Section

Materials. The compound investigated in our work, 2-(2′-
hydroxyphenyl)benzoxazole (HBO), was purchased from ACORS,
and was recrystallized from ethanol several times before use.
HPLC grade dimethyl sulfoxide (DMSO), which was used as a
good solvent, was purchased from ACORS and was used as
received. Purified water with a resistivity of 18.2 MΩ‚cm was
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SCHEME 1: Chemical Structures of the Enol and Keto
in the ESIPT Process of HBO
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obtained through a Milli-Q water purification system (Millipore,
Billerica, MA).

Methods. The HBO aggregates were prepared by a simple
reprecipitation method.35 In a typical preparation, 80µL of a
stock solution of HBO in DMSO (1.0× 10-3 mol/L) was
rapidly injected into 5 mL of water with vigorous stirring at an
ambient temperature of 15°C controlled by a thermocouple.
HBO molecules began to aggregate at once as a result of the
dramatic change of the solvent quality, thus, an aqueous
dispersion of its aggregates was obtained.

The morphologies and sizes of the as-prepared HBO ag-
gregates were examined on a scanning electron microscopy
(SEM, Hitachi S-4300) at an accelerating voltage of 5 kV. For
the preparation of SEM samples, the aqueous dispersion of HBO
aggregates was filtered onto the surface of an alumina membrane
with a pore size of 0.02µm (Whatman International Ltd., U.K.).
A layer of platinum was sputtered onto the surface to increase
the conductivity of the samples, using a Ciko IB.3 Ion Coater
at a current of 0.5 mA and a pressure of 3 mm Hg. The samples
were then characterized on a D/max-2400 X-ray diffractometer
with an X-ray source of Cu/K-R at 40 kV and 120 mA.

The UV-visible absorption spectra of the aqueous dispersion
of HBO aggregates were measured on a Perkin-Elmer Lambda
35 spectrometer with a scanning speed of 480 nm/min and a
slit width of 1 nm.

The steady-state excitation and emission fluorescence spectra
of the aqueous dispersion of HBO aggregates were performed
on a Hitachi F-4500 fluorescence spectrophotometer, using a
right-angle configuration. Slits were set to provide widths of 5
nm for both the excitation and the emission monochromators
in all cases.

For all the variable-temperature experiments, a thermostated
cuvette holder connected to a constant-temperature water
circulator was adapted to the spectrometers. The samples were
equilibrated at each temperature for at least 10 min. Temperature
was kept constant within(1 K.

For the temperature cycles experiments, the spectra were
obtained by alternatingly changing the temperature of the
aqueous dispersion of HBO aggregates ranging from 15 to 60
°C, using the same devices as for the variable-temperature
experiments.

The emission intensity ratios of keto to solvated enol (IK/IN)
were determined by comparing fluorescence intensities at the
wavelengths of 500 and 430 nm, respectively, and were
uncorrected for differences in instrument response at the two
wavelengths.

For all the measurements, the concentrations of the as-
prepared aqueous dispersion of HBO aggregates were kept the
same at 1.6× 10-5 mol/L (the total HBO concentration).

Results and Discussion

The aqueous dispersion of HBO aggregates was successfully
prepared in our investigation by utilizing a simple reprecipitation
method.35 Figure 1 shows some typical scanning electron
microscopy images of the as-prepared HBO aggregates depos-
ited onto the surface of an alumina membrane with a pore size
of 0.02 µm from the aqueous dispersion. From the images, it
can be seen that the aggregates are almost uniformly sheetlike
with a diameter of ca. 1µm. XRD measurements (see the
Supporting Information) show that there exists one characteristic
diffraction peak at 2θ of 7.78° (d ) 11.35 Å), suggesting that
the aggregates are preferred orientated to some extent.

The UV-visible absorption spectra of the aqueous dispersion
of HBO aggregates with different aging time as well as its dilute

solution in dimethyl sulfoxide (DMSO) are shown in Figure 2.
In the case of DMSO solution, there exist three absorption peaks
in the spectra. The absorption at ca. 321 nm is assigned to the
anti-enol, the absorption at ca. 334 nm corresponds to the syn-
enol, and the absorption at ca. 295 nm is attributed to the
benzoxazole moiety. These results are consistent with those
reported previously.26,34b At the same time, it shows that the
absorption of HBO aggregates is obviously different from that
of HBO in DMSO solution. Furthermore, the evolution of the
absorption of HBO aggregates was investigated as a function
of aging time, as depicted in Figure 2.

As for the aqueous dispersion of HBO aggregates, the two
π-π* absorption bands corresponding to the enols were blue-
shifted as compared with that of HBO in DMSO solution. In
addition, there appears a new broad and structureless absorption
band centered at ca. 350 nm. After filtration of the aqueous
dispersion, the new absorption band disappears (insert in Figure
2). Thus, we can assign this new broad band to the absorption
of the aggregates. At the same time, the new absorption band
increases gradually while the enol absorption bands decrease
gradually with increasing aging time, indicating the process of
aggregation. An apparent isobestic point at 336 nm is also
observed, which can be the evidence for the coexistence of the
dissolved enols and aggregates. It can be seen that from about
10 min onward, changes of the spectra are minimal, suggesting
that the aggregation process reaches a plateau.

The fluorescence spectra of the aqueous dispersion of HBO
aggregates with different aging time in comparison with its dilute
solution in dimethyl sulfoxide (DMSO) are shown in Figure 3.
In DMSO solution, the fluorescence spectrum shows a strong
emission band centered at ca. 367 nm, which can be assigned

Figure 1. Typical scanning electron microscopy images of HBO
aggregates: (left) low magnification and (right) high magnification.
The samples were prepared by filtration of aqueous dispersion of HBO
aggregates onto the surface of an alumina membrane with a pore size
of 0.02 µm.

Figure 2. UV-visible absorption spectra of a DMSO solution of HBO
(dashed line m) and the aqueous dispersion of its aggregates at different
aging times at 15°C (solid lines). Insert: UV-visible absorption spectra
obtained before (1) and after (2) filtration of the aqueous dispersion of
HBO aggregates (normalized for clarity).
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to the enol emission, together with a weak but detectable broad
band in the region of 455-550 nm, corresponding to the keto
emission. These results are in good agreement with those in
the literature.26,34b However, it is found that in the case of
aggregates, the emission bands are composed of an intense broad
band centered at ca. 500 nm, along with a weak shoulder at ca.
430 nm.

To figure out the origin of the fluorescent species, we
measured the fluorescence emission spectra at various excitation
wavelengths as well as excitation spectra at various emission
wavelengths, as shown in Figure 4. The emission spectra
obtained upon excitation at 320 and 350 nm are obviously
different, whereas there is no shoulder peak at ca. 430 nm in
the latter case, suggesting that the emissions come from different
species. As can be clearly seen in Figure 4, the excitation spectra
show distinctness as well. There is an additional shoulder peak
at ca. 350 nm in the spectrum when monitored at 500 nm, the
position of which is consistent with that of the new absorption
peak shown in Figure 2. These results altogether evidently show
that the contribution to the emission stems from two totally
different species experiencing distinct excitation processes. The
above interpretations are also supported by an apparent isoe-
missive point at ca. 455 nm as depicted in Figure 3, indicating
the presence of two species in the excited state as well.

For the broad low-energy band, we can assign it to the keto
emission due to the characteristic abnormally large Stokes’ shift.
It should be noted that this emission is almost identical with

that of its solid powder upon excitation at 350 nm located at
the absorption region of the aggregates (see the Supporting
Information). Thus, it is unambiguous that the aggregates
undergo ESIPT to give birth to the keto emission.

It has been reported that emission of HBO from both enol
and keto is observed with intensities that strongly depend on
solvents.34 It is also well-known that the water molecule has
the strong ability to form hydrogen bonds with other molecules.
The intermolecular hydrogen bonds between the water molecules
and the dissolved HBO molecules are thus expected in the
aqueous dispersion of HBO aggregates, which inhibited ESIPT
and the emission of keto, despite the low solubility of HBO in
water. To provide direct support for this, we present further
experimental evidence.

The fluorescence properties of HBO in water were examined
(see the Supporting Information) and the results showed that
there was only one broad symmetrical peak centered at ca. 440
nm without a characteristic emission of the keto at a longer
wavelength, indicating the predominant formation of the
intermolecular hydrogen bond species that could not undergo
ESIPT.36 It was also found that the shoulder emission peak
position in the aqueous dispersion of aggregates was very close
to that in water when excited at 320 nm, and that the excitation
spectra were identical with each other when monitored at 430
nm. Thus, it is reasonable that the solvated enol species give
rise to the shoulder emission at ca. 430 nm in the case of
aggregates in that the intermolecular hydrogen bond between
the water molecule and the dissolved HBO molecule in the
aqueous dispersion of HBO aggregates inhibited ESIPT and the
emission of keto.

As can be seen in Figure 3, the fluorescence intensity of the
keto in the case of aggregates is almost 14-fold that in DMSO
solution. ESIPT in our case is fairly favored probably due to
the increased planarity and rigidity exerted by the aggregation.
Furthermore, the excited-state intermolecular proton transfer is
also possible as a result of a large quantity of adjacent close-
packed molecules in the aggregates. The enhanced keto emission
in HBO aggregates is, therefore, anticipated. Meanwhile, the
evolution of fluorescence emission of HBO aggregates was also
studied as a function of aging time, as displayed in Figure 3.
The fluorescence intensity of keto increases gradually while that
of solvated enols decreases gradually with increasing aging time,
with an isoemissive point at ca. 455 nm, suggesting the existence
of the aggregates and the solvated enols in the excited state.
However, it should be noted that there are no palpable changes
10 min later, indicating that a steady state of such a system is
achieved.

Figure 3. Fluorescence emission spectra of a DMSO solution of HBO
(dashed line m) and the aqueous dispersion of its aggregates at different
aging times at 15°C (solid lines). The excitation wavelength is at the
isobestic point, 336 nm.

Figure 4. Fluorescence emission (left) and excitation (right) spectra of the aqueous dispersion of HBO aggregares at 15°C.
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The effects of temperature on the absorption and emission
of the aqueous dispersion of HBO aggregates are illustrated in
Figure 5. It displays that the emission intensity of keto decreases
gradually while that of solvated enol increases gradually with
rising temperature under control. The changes are reversible.
To the best of our knowledge, this is the first report on the
temperature-dependent ratiometric change in emission of an
organic aggregates system. It is reported that temperature has
no appreciable effect on the rate of the ESIPT process of HBO
in various kinds of organic solvents, which suggests that there
exists no obvious potential barrier for the adiabatic ESIPT
process.34a Therefore, in our case, the changes of fluorescence
may not be interpreted as a result of a temperature-dependent
ESIPT process. Principally, temperature has an intrinsic effect
on the fluorescence quantum yield of the chromophore.37

However, temperature can also exert other extrinsic effects on
fluorescence, such as shifting equilibria between some specific
processes,10,13 states,7,8,11,12and so on. As has been discussed
before, there coexist two species, namely, the solvated enols
and the aggregates in our case. On the basis of the above results,
we ascribe the temperature-dependent fluorescence to the shift
of the equilibrium between the two species. A simple schematic
illustration of this is presented in Scheme 2. The equilibrium
shifts gradually toward the left to give rise to blue emission by
increasing temperature while shifts toward the right to give rise
to green emission by cooling the sample. This is evidently
supported by the existence of an apparent isoemissive point at
ca. 455 nm as shown in Figure 5. At the same time, when the
aqueous dispersion of HBO aggregates was heated slowly, the
absorption of the aggregates decreased slowly while that of the
solvated enols increased slowly. The changes are reversible as
well. The proposed temperature-dependent equilibrium mech-
anism is thus once again confirmed by an obvious isobestic point
at 336 nm in the temperature-dependent UV-visible spectra,
as displayed in Figure 5. The relationship between the emission
intensity ratio of keto to solvated enol (IK/IN) and temperature

is shown in Figure 6. The emission intensity ratio,IK/IN,
decreases with the increase in temperature, which may allow
the sensing of temperature ratiometrically. Moreover, the
enthalpy of the aggregates to the solvated enol equilibrium can
be determined from the slope of the curve (insert in Figure 6),
in which a relationship between the negative logarithm ofIK/IN

and the reciprocal of temperature is present, and is thus
calculated to be-59.2 ( 0.8 kJ/mol after a reasonably good
linear fit. It is worthy to point out that a marked feature of the
interconversion with temperature is the presence of blue
emission under hot conditions and green emission as the sample
is cooled, upon irradiation with a hand-held UV light. A picture
is shown in Figure 7 to give a direct visual demonstration.

To investigate the reversibility and robustness of the ratio-
metric changes, we carried out the temperature cycles experi-
ments, as shown in Figure 8. The results reveal that the
reversibility is still maintained after 10 repeated cycles between
temperatures from 15 to 60°C, showing a very good robustness.
In addition, we have observed the same reversible ratiometric
changes with no remarkable variation in intensities even one
month later, indicating its excellent stability. The good revers-
ibility and robustness as well as the stability of such a system
may be applicable in the temperature sensing.

Conclusions

In summary, we have successfully prepared the HBO ag-
gregates with the reprecipitation method. Two fluorescent

Figure 5. Temperature-dependent UV-visible absorption (left) and fluorescence emission (right) spectra of the aqueous dispersion of HBO aggregates
at a temperature interval of 5°C. The excitation wavelength is at the isobestic point, 336 nm.

SCHEME 2: Schematic Illustration of the Proposed
Temperature-Dependent Equilibrium between the
Solvated Enol and the Aggregates

Figure 6. Plot of the emission intensity ratio of keto to solvated enol,
IK/IN, against temperature in the aqueous dispersion of HBO aggregates.
The insert is a plot and its linear fit (solid line) of the negative natural
logarithm of the emission intensity ratio of keto to solvated enol,IK/
IN, as a function of reciprocal temperature.

9082 J. Phys. Chem. A, Vol. 110, No. 29, 2006 Huang et al.



species are identified in the aqueous dispersion of HBO
aggregates by means of UV-visible absorption and steady-state
fluorescence measurements. The blue emission is attributed to
the solvated enols, while the green emission is ascribed to the
aggregates undergoing ESIPT to give rise to keto. It exhibits a
fluorescent ratiometric change in an amiable range of temper-
ature from 15 to 60°C in the aqueous dispersion of the
aggregates. The changes have been interpreted as a result of
the shift of the temperature-dependent equilibrium between the
solvated enols and the aggregates. The reversibility and robust-
ness as well as the stability of the system show a very good
performance. The investigations here present a successful
demonstration, which may be useful in the strategy for a
fluorescent temperature sensor design and the applications of
molecular fluorescent temperature sensors or molecular ther-
mometers in the future.
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Figure 7. The visual pictures of the aqueous dispersion of HBO
aggregates at low (15°C) and high (60°C) temperatures upon
irradiation of a hand-held UV light.

Figure 8. Demonstration of the reversible and robust fluorescence
intensity ratio ofIK/IN by alternating temperatures at 15 (G) and 60°C
(B) in the aqueous dispersion of HBO aggregates.
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