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The in-situ synthesis and photophysical properties of a p-hydroxybenzoic acid-terbium (PHBA-Tb**)

complex in sol-gel derived host materials have been investigated. The Raman scattering spectrum of a 1%
TbCl;-3% PHBA co-doped gel was the same as that of the PHBA-Tb*>" complex powders synthesized in
ethanolic solution, indicating that the PHBA-Tb*>" complex was synthesized in the 1% TbCls~3% PHBA
co-doped gel. The steady-state excitation and emission spectra of the 1% TbCl;—3% PHBA co-doped gel,

which were similar to those of the PHBA-Tb>" complex powders, also indicated the synthesis of the
PHBA-Tb*" complex in the 1% TbCl;—3% PHBA co-doped gel. The time-resolved spectra of the 1%TbCl3—3%
PHBA co-doped gel indicated an efficient ligand-to-metal energy transfer, which also confirmed the synthesis of
the PHBA-Tb>" complex in the gel. The luminescence decay curve of the 1% TbCls—3% PHBA co-doped gel
could be fitted by a double-exponential function. Due to the less efficient non-radiative >D, relaxation processes
in the gel, the presence of the PHBA-Tb>" complex in the gel led to greatly increased Dy lifetimes.

1. Introduction

The interest in the photophysical properties of lanthanide
complexes with organic ligands has been greatly intensified
after Lehn’s proposition that such complexes could be seen as
light-conversion molecular devices (LCMDs).! The emission of
these lanthanide complexes usually results from the absorption
of energy in the broad absorption band of the organic ligand
followed by efficient transfer of this energy to an excited state
of the central lanthanide ion, thus overcoming the very small
absorption coefficients of the lanthanide ions. The transfer is
then followed by emission from one or more of these excited
states. Efficient LCMDs may find many applications, such as
luminescent labels in fluoroimmunoassays, antireflection coat-
ings on solar cells, lasers, or cheaper phosphors for fluorescent
lighting.>* In general, however, lanthanide complex solids are
soft and soluble, and lack the mechanical properties desired to
be used directly as luminescent sources. These problems are
expected to be solved by doping the lanthanide complexes into
suitable solid matrices.

The sol-gel method has been recently employed for the
preparation of lanthanide-complex-dispersed composite mate-
rials.*'? These lanthanide-complex-dispersed composite mate-
rials have been observed to exhibit substantially improved
luminescence characteristics with respect to comparable
materials containing simple metal salts. The thermal stability
of the complexes is improved, and the mechanical properties of
the composite materials are also strengthened after the
incorporation. Two approaches have been used to prepare
lanthanide-complex-doped sol-gel materials. One approach
is the synthesis of lanthanide complexes under general synthetic
conditions and then to dissolve the synthesized lanthanide
complexes in a solvent that is compatible with silicon alkoxide
sol-gel preparative techniques.* The other approach is the
in-situ synthesis of the lanthanide complexes during the sol-gel
process.>®*>!2 In previous work, we have investigated the
synthesis process of some lanthanide complexes in the gel and
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the luminescence behavior of the resulting composite materi-
als.>®*12 Until now, however, there have been no direct
spectroscopic data to confirm that the metal ion has been
coordinated with the organic ligands during the in-situ
synthesis of the lanthanide complexes. In this work, Raman
scattering spectra are used to provide direct evidence that a
p-hydroxybenzoic acid-terbium (PHBA-Tb>*) complex has
been in-situ synthesized in the sol-gel derived host materials
and the photophysical properties of the PHBA-Tb>* complex
doped gel are described.

2. Experimental

2.1. Chemical synthesis of the PHBA-Tb*>* complex in
ethanolic solution

Pure p-hydroxybenzoic acid—terbium complex powders were
conventionally prepared by the addition of an ethanolic
solution of p-hydroxybenzoic acid, C;HsO; (PHBA), to an
ethanol solution containing TbCl;-nH,0; C,HsO5; : TbCl;-
nH>O = 3 : 1. The pH was adjusted to 67 with dilute NaOH
aqueous solution. After refluxing for several hours the
precipitate was filtered, washed, recrystallized in ethanol and
dried at 40 °C. The process yields solid state PHBA-Tb>"
complex powders suitable for measurements.

2.2. Sol-gel preparations

Tetraethoxysilane, Si(OC,Hs);, (TEOS), ethanol (C,HsOH)
and distilled deionized water (H,O) were used as starting
materials to prepare the PHBA-Tb>" complex doped gel.
TEOS, C,HsOH and H,O were mixed at the ratio of TEOS :
C,HsOH : H,O =1 : 4 : 4. A small amount of HCI was
added to the solution to promote hydrolysis. The PHBA was
dissolved in ethanol in advance and was added to the solution
with ethanol, the TbCl;-nH,O was then also introduced into
the solution. The mixed solution was vigorously stirred for 1 h
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at room temperature. The resulting sol was subsequently kept
in a sealed container at 40 °C until the onset of gellation. Aging
and drying were allowed to proceed under ambient conditions
over a period of several weeks.

2.3. Instrumentation

The steady-state excitation and emission spectra were mea-
sured using a Hitachi F-3010 fluorescence spectrophotometer.
The luminescence decay curves were carried out with PTI
TimeMaster® fluorescence lifetime spectrometers. Infrared
spectra were obtained using an FTIR Nicolet Avatar 360
spectrometer. The Raman scattering spectra were measured
with a PerkinElmer System 2000NIR FT-Raman spectrometer.
To measure the time-resolved spectra, the samples were excited
by the emission line at 355 nm from a YAG laser (Model
Tempest 20 Hz, New Wave). The resulting fluorescence was
analyzed by a 0.75 m grating monochromator/photomultiplier
(Model SP-750, Action Research Corporation) and then read
out by a boxcar (Model SR250, Stanford Research System,
Inc.). The delay time was defined as the time between the onset
of the excitation laser pulse and the trigger of the boxcar
sampling and was controlled by a delay pulse generator (Model
DGS535, Stanford Research System, Inc.). All measurements
were made at room temperature.

3. Results and discussion

The elemental analysis results indicated that the PHBA-Tb>*
complex powder synthesized in ethanolic solution was
Tb(C;Hs505)3-2H,0. (Exp.: C = 41.46, H = 3.62. Calc.:
C = 41.58, H = 3.14). Fig. 1 shows the infrared absorption
spectra of the PHBA and the PHBA-Tb** complex powders
that were synthesized in ethanolic solution. The main absorp-
tion band assignment is shown in Table 1."* The bands
corresponding to the vc—o and the vc o for the -COOH of
the PHBA were situated at 1684 cm™! and 1264 cm™ !,
respectively. The two bands disappeared in the PHBA-Tb*"
complex. The band corresponding to the yoy in the -COOH
of the PHBA was situated at 930 cm™'. This band also
disappeared in the PHBA-Tb>* complex. The bands at 617,
770 and 852 cm ! corresponding to the 8¢y of the PHBA
moved towards higher wavenumbers, 630, 790 and 856 cm™!
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Fig. 1 Infrared absorption spectra of PHBA and PHBA-Tb** complex
synthesized in ethanolic solution.

Table 1 Infrared wavenumbers and absorption band assignments
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Fig. 2 Raman scattering spectra of: (a) PHBA; (b) PHBA-TbH>*
complex; and (c) 1% TbCl;-3% PHBA co-doped gel.

strong, characteristic band in the 16101550 cm ™! region due
to the asymmetric stretching vibration of —-CO,  The
symmetric stretching vibration of this group gives rise to a
band in the range 14201335 cm ™! and is of medium intensity,
broad, and generally has two or three peaks.'* Therefore, the
strong absorption band at 1420 cm ™' corresponding to the
Vs_coo-y of the PHBA-Tb>* complex and the bands at
1606 cm™ ! and 1550 cm ™! corresponding to the v,s_coo-) of
the PHBA-Tb>* complex also indicated the synthesis of the
PHBA-TbH>" complex. On the other hand, the broad band at
3000-3600 cm ! corresponding to free OH stretching vibra-
tions also indicated that the synthesized PHBA-Tb>* complex
contained water molecules.

Fig. 2 shows the Raman scattering spectra of the PHBA, the
PHBA-Tb** complex powders and the 1% TbCl;-3% PHBA
co-doped gel. Similar to the IR absorption spectra, the band at
842 cm™! corresponding to the 8¢y of the PHBA moved
towards higher wavenumbers (862 cm™ ') in the Raman
scattering spectra of the PHBA-Tb** complex. The PHBA
exhibited Raman shift peaks at 1287 cm™ ! and 1315 cm ™! due
to the C-O stretching vibration of the -COOH. The C=0
stretching vibration of the PHBA gave rise to a Raman shift
peak at 1612 cm™!. After the PHBA-Tb*>* complex had been
synthesized, these Raman shift peaks disappeared. Conversely,
Raman shift peaks at 1520 and 1601 cm™!, corresponding
to the asymmetric stretching vibration of —CO, ", and at 1404
cm” !, corresponding to the symmetric stretching vibration
of -CO, ", can be observed in the Raman scattering spectra of
the PHBA-Tb*>" complex. The Raman scattering spectra of
the 1% TbCl3-3% PHBA co-doped gel could be observed to be
the same as that of the PHBA-Tb*" complex. The Raman
shift peaks at 1520 and 1601 cm™ !, corresponding to the
asymmetric stretching vibration of —-CO, ", and at 1404 cem” !
corresponding to symmetric stretching vibration of -CO, ", can
also be observed in the Raman scattering spectra of the 1%
TbCl3-3% PHBA co-doped gel, which indicates that the
PHBA-Tb*>" complex has been synthesized in the 1% TbCls—
3% PHBA co-doped gel.

Fig. 3 shows the steady-state excitation (monitored at 546 nm)
and emission spectra of the PHBA-Tb*>" complex (excited
at 312 nm), the 1% TbCl3-3% PHBA co-doped gel (excited at
284 nm), and the 1% TbCl; doped gel (excited at 371 nm). The
emission spectra of the PHBA-Tb** complex and the 1%
TbCl15-3% PHBA co-doped gel, which were the same as that of
the TbCl; doped gel with respect to the positions, numbers and
relative intensities of emission bands, consisted of a few narrow
emission bands of Tb>" ions. The emission bands of the Tb*>"
ions have been assigned to transitions from the D, level to the
'Fe, 'Fs, 'F4 and 'F; levels at 485, 546, 586 and 623 nm.
However, the maximum intensity of the D, —'Fs peak at
546 nm in the 1% TbCl3-3% PHBA co-doped gel was observed
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Fig. 3 Excitation (top) and emission (bottom) spectra of: (a) the
PHBA-Tb** complex; (b) the 1% TbCl3-3% PHBA co-doped gel; (c)
the 1% TbCl; doped gel.

to be approximately 20 times more than that of the TbCl;
doped gel.

The narrow excitation bands between 330 nm and 390 nm in
the TbCl; doped gel resulted from the 4f-4f direct excitation
band of Tb*" jons. The broad excitation band of the PHBA-
Tb** complex and the 1% TbCl;-3% PHBA co-doped gel
could be assigned to the excitation of the organic ligand PHBA
from its ground electronic state to the lowest excited singlet
state. Therefore, the excitation and emission spectra of the
PHBA-TbH" complex and the 1% TbCl3-3% PHBA co-doped
gel indicated an efficient ligand-to-metal energy transfer, since
the most intense feature in the excitation spectrum of the
lanthanide complex is a broad band corresponding to transi-
tions populating the ligand-centered excited states.!® In addi-
tion, the 1% TbCl3-3% PHBA co-doped gel can be found to
have notably higher luminescence intensities than the 1% TbCl;
doped gel, which indicated also an efficient ligand-to-metal
energy transfer. It also indicated that the PHBA-Tb*" complex
has been synthesized in the 1% TbCls—-3% PHBA co-doped gel.

Fig. 4 shows the emission spectra of the PHBA-Tb>*
complex at various delay times measured at room temperature.
The spectra collected at short delay times exhibited only a
broad band emission, which can be attributed to the radiative
transitions of organic ligand PHBA. The sharp emission bands
of the °Dy — 'F,, (J = 6, 5, 4, 3) transitions of terbium ions
could be observed at 150 ns delay, i.e. the characteristic time for
the energy transfer from the PHBA to the terbium ions was
about 150 ns. This means that the energy transfer from the
PHBA to the terbium ions proceeds through a triplet ligand
excited state because the ligand singlet to lanthanide ions
energy transfer time is very fast when the ligand is directly
coordinated to the metal centre. Fig. 5 shows the emission
spectra of the 1% TbCl;-3% PHBA co-doped gel at various
delay times measured at room temperature. The spectra
collected at short delay times also exhibited only a broad
band emission and the broad band was still observed when the
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Fig. 4 Time-resolved spectra of the PHBA-Tb>" complex.
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Fig. 5 Time-resolved spectra of the 1% TbCl;—3% PHBA co-doped gel.

delay time was 200 ns. The broad band collected at longer delay
times could be attributed to the delayed fluorescence of PHBA,
which was induced by the radiative decay from the S; state to
the Sy state after thermal reactivation from the triplet state by
reverse intersystem crossing. The broad band might also result
from room temperature phosphorescence emission, which
overlapped with the delayed fluorescence and was related to
the radiative transition from the lowest triplet state T, to the S,
state. Phosphorescence and delayed fluorescence for organic
molecules in solution can often be observed only near liquid
nitrogen temperatures. If organic molecules are entrapped in
rigid surroundings to reduce the non-radiative pathways,
however, room temperature phosphorescence and delayed
fluorescence might be observed. Phosphorescence and delayed
fluorescence at room temperature were recently observed for
a number of organic dyes dispersed in sol-gel derived
matrices.'®!7 Besides the room temperature phosphorescence
and delayed fluorescence, some energy in the triplet state T,
was also transferred to the excited state of the terbium ions
which resulted in the emission of the terbium ions. The sharp
emission bands of the Dy — "F, (J = 6, 5, 4, 3) transitions of
the terbium ions could be observed at 200 ns delay. Therefore,
the time-resolved spectra of the 1% TbCl;-3% PHBA co-doped
gel also indicated the ligand-to-metal energy transfer, which
also confirmed the synthesis of the PHBA-Tb** complex in the
gel.

The luminescence decay curves of the D, state were
obtained by monitoring the *Ds—’Fs emission line for the
PHBA-Tb** complex and for the 1% TbCl;-3% PHBA
co-doped gel. Fig. 6 shows the observed luminescence decay
curves and the fitted curves for the PHBA-Tb** complex. The
luminescence decay curve was best fitted to a double-exponential
fitting function: I(¢) = 4543exp(—1/96.8) + T4lexp(—1t/242.4).
Fig. 7 shows the observed luminescence decay curves and fitted
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Fig. 6 Decay and fitted curves for the luminescence “D, state of the
PHBA-Tb>" complex.
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Fig. 7 Decay and fitted curves for the luminescence *D; state of the 1%
TbCl3-3% PHBA co-doped gel.

curves for the 1% TbCl3-3% PHBA co-doped gel. The lumines-
cence decay curve was also best fitted by a double-exponential
fitting function: 1(f) = 212.2exp(—#/159.2) + 611.9exp(—#/529.5).
Obviously, the luminescence intensity /(f) of the PHBA-Tb>*
complex and the 1% TbCl;-3% PHBA co-doped gel could be
described by the sum of two exponential decay components
from:

1(z)=A1exp(—%)+Azexp(—é> (1)

where 7; and 7, are the short- and long-decay components,
respectively. Parameters 4; and A, are fitting constants.
According to eqn. (1), the average lifetime {t) is given by:

_ A]‘L'% +A2‘C%

(= Ayt + Azt

2
where weight factors 4; and 4, are introduced. According to
eqn. (2) the average lifetime of the PHBA-Tb** complex was
139 ps, and that of the 1% TbCls—3% PHBA co-doped gel was
480 ps. The results clearly show that the PHBA-Tb*" complex
in the gel led to greatly longer D, lifetimes. This can be
ascribed to the less efficient non-radiative °D, relaxation
processes in the gel.

Transitions between " configuration states in lanthanide
ions are parity forbidden transitions. The probabilities of such
transitions are so low that the molar absorption coefficients are
of the order of 1 and the radiative lifetimes are of the ms time
scale. The experimental decay times are actually one or two
orders lower than the estimated radiative lifetimes. This fact
indicates that the decays of emitting states are mainly governed
by non-radiative transitions. According to the theory of non-
radiative transitions in lanthanide complexes,'® the non-
radiative relaxation between various J states may occur by
interaction of the electronic levels of lanthanide ions with

suitable vibrational modes of the environment. Therefore, the
double exponential decay curves indicated that there are two
different surroundings of the terbium ions. Elemental analysis
showed that there were some water molecules coordinated to
the terbium ion in the PHBA-Tb>" complex. This coordina-
tion was also confirmed by the IR spectrum shown in Fig. 1.
Besides being coordinated by organic ligands, therefore, the
central terbium ions were also coordinated by water molecules
in the PHBA-Tb>" complex, leading to the double exponential
decay curve.

A number of Si-OH groups are present in silica gels because
the hydrolysis of alkoxides in the transition from sols to gels is
incomplete.'® Because these O—H groups may play the role of
killers or trap centers in gels, various ligands are used with
potential shielding properties. Such ligands should isolate the
central lanthanide ion from O-H oscillators, which would lead
to greatly enhanced quantum yields and longer decay times.
The reactant TbCl; and PHBA were introduced to the sol
successively. Thus the TbCl; and PHBA may be isolated in
different pores of the silica network during the formation of the
gels. Owing to the difficulty for the diffusion of the reactant
TbCl; and PHBA between the pores, not all the reactant TbCl;
and PHBA was used to synthesize the PHBA-Tb>" complex
in the 1% TbCl3-3% PHBA co-doped gels. Thus, only some
of the central terbium ions are isolated from O-H oscillators by
the ligands. Therefore, there are two different surroundings for
the central terbium ions in the 1% TbCl3-3% PHBA co-doped
gel; some are coordinated by O-H groups and others are
coordinated by ligands, leading to the double exponential
decay curve.

4. Conclusions

The Raman scattering spectrum has been used to confirm the
synthesis of the PHBA-Tb** complex in the 1% TbCl—3%
PHBA co-doped gel in comparison with the Raman scattering
spectrum of the PHBA-Tb*>" complex powders synthesized in
ethanolic solution. The steady-state excitation and emission
spectra and the time-resolved spectra of the 1% TbCl3—3%
PHBA co-doped gel, which were similar to those of the PHBA-
Tb** complex powders, indicated an efficient ligand-to-metal
energy transfer, which also confirmed the synthesis of the
PHBA-Tb** complex in the gel. The decay curve of the 1%
TbCl5-3% PHBA co-doped gel could be fitted by a double-
exponential function. The PHBA-Tb*" complex in the gel was
observed to promote significantly longer *Dy lifetimes in com-
parison with PHBA-Tb*" complex powders.
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