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Lanthanide complexes with benzothiazole derivatives (Btz-R,®CH; and OH) and terpyridine (tpy) ligands

were synthesized, and their photophysical properties were precisely investigated. The free Btig@@H

in toluene, excited with UV light, produced the normal emission bands around 410 nm, whereas Btz-OH
produced a strong excited-state intramolecular proton transfer (ESIPT) band at 510 nm. The Ln(lll) complexes
(Ln = Nd, Er, and Yb) exhibited sensitized near-IR luminescence when the Btz-R ligands were excited. The
sensitized luminescence quantum yields {) of the lanthanide complexes were markedly enhanced by
ESIPT: for [Nd(Btz-R)(tpy)] in toluene solutionp,, = 0.04% for Btz-OCH and 0.39% for Btz-OH. The
sensitized luminescence of the Er(lll) complexds { = 0.002% for Btz-OCH and 0.009% for Btz-OH)

was less efficient than that of the Nd(l1l) complexes. This difference is due to the smaller energy gap between
the emitting and ground levels of the Er(lll) ion. The rate constants for the energy transfer from Btz-R to
Ln(ll) were about~1(° s™%, as evaluated by the Esier resonance energy transfer mechanism.

Introduction through thecis-enol produces the excitecis-enol, which is

he lanthanide i h d ion b uickly converted to an excited keto tautomer by intramolecular
The lanthanide ions have attracted great attention because 0groton transfer. During this process, the hydrogen becomes more

their widely applicable potential in generating and amplifying  ¢jgic and the nitrogen becomes more basic in the excite%tate.
Iaser_ light ar_1d t_heir r_oles in_light-emitting diodes (LEDS), ~rhe ESIPT mechanism is dependent on the solvent pofarit§.
medical applications (immunoassay, MRI contrast reagent), changes in the spectral distribution of ligand molecules may
chemical sensors, and optical communicatibrisNotably, e related to changes in the energy transfer efficiency. The
!anthanlde lons, such as Nd(lll), Er(lll), a_md Yhli), Wh.'Ch er_n_|t energy transfer process from the benzothiazole derivatives to
in the near-infrared (NIR), have been incorporated into silica .aniral lanthanide ions has not yet been reported. Especially
optical fibers for the optical signal amplifiers of telecommunica- 1q effect on NIR luminescence owing to functional groups such,
tion network system. However, the limited solubility of lan- as—OH and—OCH:; attached to benzothiazole derivatives has
thanide i(_)ns in conve_n_tion_al inorganic/organic media has o heen determined. In this paper, we report the preparation
resglted in poor ampllflcatlon. Instgad of d_op{;\nts, NIR- ot suitable NIR-emitting Ln(lll) complexes with benzothiazole
luminescent lanthanide complexes with organic ligands hold ey atives, including methoxybenzoic or hydroxybenzoic acid
promise for application in telecomr_numcat|on deylces. In groups, and their optical properties in various solvents. We also
general, however, the f~ f absorption cross-sections of  jomangtrate an ESIPT effect on the sensitized NIR luminescence

lanthanide ions are very small. In an effort to obtain highly - ¢ |anthanide ions and discuss the energy transfer mechanism
efficient luminescence from lanthanide complexes, the ligand- ;, |alation to the resonance energy transfer mechanism
containing chromophore has been introduced as an antenna to

the lanthanide complex. In this system, intramolecular energy Experimental Methods
transfer takes place from the organic antenna molecules to the
localized intra-4f shell of the lanthanide ion, resulting in
luminescence with an enhanced quantum yield. Typical chro-
mophores used as antennas are phenanthfofithracené;
terphenyt1! calixarened? and podand$3-1°

Benzothiazole derivatives, including hydroxyphenyl, exhibit
excited-state intramolecular proton transfer (ESIPT), which often
involves a large Stokes shift. This phenomenon has widesprea
implications in UV light stabilizerd® laser dyeg;/ new poly-
meric material$®1® and fluorescence probes for labeling
proteins?® In the ESIPT mechanism, the UV light absorption

Synthesis The benzothiazole derivatives (Btz-R=ROCH;

and OH) and their Ln(lll) complexes were synthesized as
follows. The flame-dried Schlenk flask was charged with a
mixture of Btz-R (0.54 mmol), terpyridine (0.18 mmol), and
KH (0.64 mmol) in a glovebox. Next, 100 mL of dried THF
was transferred to the Schlenk flask through a cannula, and the
dsolution was stirred at room temperature overnight. The reaction
proceeded with gas evolution, and a solution of anhydrous4.nCl
(0.18 mmol) in 10 mL of methanol was added to the reaction
solution. After 2 days of stirring at room temperature, the
solution had produced a white precipitate. The precipitate was
washed with methanol and diethyl ether to give [Ln(Btz-R)
(tpy)], where R= OCH; and OH and tpy= terpyridine, as a
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SCHEME 1
COOH

Oct; NOL/\/\

3-{6-[4-(1-Ethyl-hexyloxy)-phenyl]-benzothiazol-2-yl}-4-methoxy-benzoic acid

(Btz-OCHs)

COOH

3-{6-[4-(1-Ethyl-hexyloxy)-phenyl]-benzothiazol-2-yl}-4-hydroxy-benzoic acid
(Btz-OH)

excitation and luminescence spectra of free Btz-R and their Ln- to a wavelength of 416 nm using a hydrogen gas-filled Raman
(1M complexes were measured on a steady-state fluorospec-shifter. The electric output signals were collected with a digital
trometer (Edinburgh Instruments FS920) equipped with a 450 oscilloscope system (Agilent Infiniium 54832B). All samples

W Xe lamp. The luminescence spectra in the visible region were were diluted in either toluene or ethanol for spectroscopic
recorded with a PMT system (Hamamatsu R955), and the measurement, and the concentrations were adjusted to ap-
luminescence spectra in the NIR region were recorded with a proximately 10° M.

Ge detector (Edinburgh Instruments EI-L) cooled by liquid

nitrogen. Theoretical Models

The quantum yield of the visible luminescence for each 5,44 ofelt Intensity Parameters. Judd-Ofelt theory6.27
samplde ®5) was de}termmedf bi the relative cgrlr:jparls.o.n has been very successful in explaining and predicting the spectral
procedure, using a reference of a known quantum yield (quinine e sities of the induced electric dipole transitions, especially

sulfate in diluted HSO, solution, @ = 0.546). The general  , b ahsorption spectrum of lanthanide ion. According to the
equation used in the determination of the relative quantum yield 3,44 ofelt theorem, the oscillator strength of an electric dipole

i 25 » mt . .
is as follows: transition from the initial state to the final stafe®f) is expressed

b
o = o |A0|(1G)[n) (D o
T AN \n?)\Pr 4 8rmc Ve (P°+2) B,
P = Qe ||U?) oI
whereA(1) is the absorbancé(A) is the relative intensity of Sh 2J+1  9n %6

2
the exciting light at wavelength, n is the average refractive @)

index of the solvent, an® is the integrated area under the \yhereyp is the center of the absorption transition (ciy |-
corrected emission spectrum. U®D|| P represents the square of the matrix elements of the
For the measurements of the decay time in the visible region, ynit tensor operatiod® (A = 2, 4, and 6% connecting the
a time-correlated single photon counting (TCSPC) method was jnitial and final states, and th@; values 4 = 2, 4, and 6) are
employed. The excitation source was a self-mode-locked Ti  judd-Ofelt intensity parameters. In eq 2, the Juddfelt
sapphire laser (Coherent model Mira 900) pumped by a Nd: parameters are strongly dependent on the ligand environment,
YVO, laser (Coherent Verdi diode-pumped laser). The laser as the matrix elements of the unit tensor operators between two
output has a~200 fs pulse width with a repetition rate of 76  energy manifolds in a given lanthanide ion are for the free ion
MHz and spanned the excitation wavelength in the range of state29.30 Experimentally, the oscillator strength is related to
350-490 nm by a second-harmonic generation. All the standard the integrated area in the absorption band and can be expressed

electronics for the TCSPC system were from Edinburgh in terms of the extinction coefficier(v) and the energy of the
Instruments. The instrument function was measured by detectingtransitionv (cm™%) according t86:27:31

the scattered laser pulse o200 fs with a quartz crystal. The
resultant FWHM is 3 ps. For measurements of the decay times
in the NIR region, a high-power ns-Nd:YAG laser system was
used with a pump wavelength selected within the third-harmonic
generation. The laser output had a pulse width-6fns with a where Abst) is the optical density as a function of | is the
repetition rate of 10 Hz. The final pump laser pulse was adjusted thickness of the solution sample, a@ds the concentration of

g1
Peyp = (4.3218x 10 )5 [Abs() dv 3)
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Figure 1. Absorption spectra of Btz-R (R OCH; and OH) ligands Wavelength (nm)

in toluene and ethanol. Figure 2. Luminescence spectra of Btz-R (ROCH; and OH) ligands

lanthanide ions (mol/L). The Juddfelt parameters can be N toluene and ethanolg = 345 nm).

obtained from egs 2 and 3. measured. As shown in Figure 2, the luminescence spectra of
Energy Transfer Rate. In general, the dipotedipole (dd), Btz-OCHs were almost identical in both solvents, with maxima
dipole-multipole (mp), and resonance transfer mechanisms haveat 420 nm and with excitation bands that resembled the
been considered for the energy transfer from an organic ligand apsorption bands. In contrast, the luminescence spectrum of Btz-
to a lanthanide ion. Previously, we reported these mechanismsoH varied with the solvent. As shown in Figure 3, Btz-OH in
for Er(lll) complexes with platinum 5,10,15-triphenyl-20-(4-  ethanol produced two emission bands, with maxima at 420 and
carboxyphenyl)porphyrin (PtP) and tpy ligands in an organic 510 nm, where the 420 and 510 nm bands can be assigned as
solution?> Modeling the results on the dd and md mechanisms the normal and ESIPT luminescence, respectively. In ethanol,
produced unreasonably small rate constants, whereastsieFo  the intensity of the normal band was stronger than that of the
resonance energy transfer mechanism correctly explained theES|PT band. In toluene, the intensity of the ESIPT band was
energy transfer rate constants. Similarly, tfiester mechanism  npotably strong, whereas the intensity of the normal band was
more reliably accounted for the sensitized NIR luminescence decreased' appearing as 0n|y a trace. The excitation Spectra of

of Ln(Il) in the solution state. The energy transfer rgfg for the low-energy and high-energy emission bands of Btz-OH were
the Faster mechanism can be expresseéby similar to those of Btz-OCH Additionally, the Stokes shift of
6 the low-energy band was very large, greater than 100 nm. These
kIrEes= i(&) 4) results demonstrate that the Btz-OH molecule undergoes ESIPT
T 5\R. more effectively in toluene than in ethar#ét3¢ In ethanol, some

) ) ) part of the Btz-OH molecules might form intermolecular
wheretp is the decay time of the donor in the absence of an hydrogen bonds with the solvent, preventing the Btz-OH

acceptor. In eq 4Ry is the critical distance (A), which is  molecule from undergoing ESIPT. The relative intensities of

expressed by the normal and ESIPT bands suggest that intermolecular
hydrogen bonding is more favorable than ESIPT in ethanol.
Ry = O.211[<2n_4<I>DfFD(/1) N r d/'L]ll6 (5) Photophysical Properties of Ln(lll) Complexes

) ) ) o Absorption The absorption spectra of [Ln(Btz-Ripy)]
In eq 5,«2 describes the relative orientation in space of the (R = OCH; and OH) were also measured in toluene and ethanol.
transition dipoles of the donor and acceptor and is usually The absorption spectra were very similar to those of the free
assumed to be equal to 2/8,is the refractive index of the  pi7.R Jigands. The concentration of 10105 M was too low
medium, anddp is the quantum yield of the donor in the o produce the characteristic transitions of lanthanide ions or
absence of an acceptor. The integral function describes thene ligand tpy. The measurements indicate that the light was

spectral overlap integral, which can be calculated by primarily absorbed by Btz-R (R= OCH; and OH) ligands and
4 that the direct excitation of the lanthanide ion was limited at
I= [Fp) ea(d) A dd (6) the 1.0x 10°5 M concentration.

The Judd-Ofelt intensity parameters were calculated to
investigate the influence of the ligands on the complexation of
the lanthanide ion, using Nd(lll) complexes and a concentration
of 1.0 x 1072 M. The five absorption bands distinctively
observed in the visible region had observed barycenters of
13 477, 14 683, 15 810, 17 130, and 18 981 ¢nattributable

Photophysical Properties of Btz-R Ligands Figure 1 shows  to the*lg, — {*Ss2,*F72}, {*Fora}, {ZH112}, {2G712,°Gs/2}, and
the absorption spectra of Btz-R (ROCH; and OH) dissolved {*Gop2,*G712,°K 132 transitions, respectiveRE Applying eqs 2
in toluene and ethanol, respectively. Similar absorption spectraand 3 to the observed bands, followed by the integration of the
were observed for both Btz-OGtnd Btz-OH, with absorption resolved bands, we evaluated the Ju@delt intensity param-
maxima around 340 nm for Btz-OGkind 350 nm for Btz-OH eters ;, 4 = 2, 4, and 6). Among the JuddDfelt intensity
and with extinction coefficients of approximately 30 000°M parametersQ; is sensitive to the ligand environment, when
cm~L The luminescence and excitation spectra of Btz-QCH the value of the matrix elemehk? is comparable to the values
and Btz-OH dissolved in ethanol and toluene were also of U® andU®. Hypersensitivity was observed in thr, —

The integral covers the normalized emission band shape of the
sensitizerFp(A) and the normalized absorption band of the
acceptorea(4).

Results and Discussion
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Figure 3. Luminescence spectra of [Ln(Btz-O@k(tpy)] (dex = 345 nm) and [Ln(Btz-OH)tpy)] (Aex = 345 nm) complexes in toluene and

ethanol.
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Figure 4. Comparison of luminescence spectra obtained from Btz-

OH, [Gd(Btz-OH)}(tpy)], and [Er(Btz-OH)(tpy)] complexes in ethanol
(Aex = 345 nm).

TABLE 1: Calculated Judd —Ofelt Intensity Parameters of
the Nd(lll) lon and [Nd(Btz-R) 3(tpy)] Complexes (R=
OCH3 and OH; Units of 10720 cm?)

material Q, Qy Qg
Nd(ll1) ion 0.96 457 7.17
[Nd(Btz-OCHb)s(tpy)] 16.12 4.65 8.27
[Nd(Btz-OHX(tpy)] 18.03 2.90 7.57

2G7/2,*Gsz transition. As listed in Table 1, th@; values of the
Nd(Ill) complexes are markedly increased by complexation,
compared with those of the free Nd(Ill) ion. This may be the
result of enhanced covalency via the chelation with the ligands.
TheQ, values of [Nd(Btz-OCH)s(tpy)] and [Nd(Btz-OH)(tpy)]
are almost equal, indicating that the stabilities of the two
complexes do not differ in the ground state.
LuminescenceFigure 3 shows luminescence spectra of the
Ln(11l) complexes. The Nd(lIl), Er(lll), and Yb(lll) complexes,
which were excited at 345 nm for the [Ln(Btz-Ogkl{tpy)]
complex and 350 nm for the [Ln(Btz-Ok{}py)] complex,

produced not only visible luminescence but also NIR lumines-
cence. The observed NIR luminescence of the complexes
indicates that the energy transfer took place from Btz-R to the
Ln(lll) ion. The [Gd(Btz-R}(tpy)] (R = OCH; and OH)
complexes were also prepared, and their luminescence properties
were measured to examine the energy transfer event. As shown
in Figure 3, the Gd(lIl) complexes produced either a strong 420
nm normal emission from Btz-OGHbr a strong 550 nm ESIPT
emission from Btz-OH. Energy transfer from Btz-R to Gd(lll)
and the subsequent Gd(lll)-centered luminescence did not occur
because the energy of the first excit#,, state of Gd(lll) is
higher than the 345 nm excitation energy. For [Ln(Btz-QjgH
(tpy)], the visible luminescence intensity originating from Btz-
OCH; was not significantly affected by Ln(lll). The slightly
reduced intensity of the visible luminescence from the Ln(lll)
complex producing the NIR luminescence might indicate energy
transfer.

The visible emission spectra of the Ln(lll) complexes
dissolved in ethanol are notably different from those measured
from the free Btz-OH. Only the ESIPT emission band appeared
in the Gd(lll) complex. To prove this difference in spectral
distribution, the potassium salts of the Btz-OH ligand, [K(Btz-
OH)] were also investigated. As shown in Figure 4, the
luminescence spectrum of [K(Btz-OH)] exhibited a typical
spectral distribution in ethanol, with the ESIPT band as a main
band and the normal band as a minor band. This result suggests
that the chelation of a metal ion {Kor Ln(lIl)) with the ligand
carboxyl group induces a structural change in the ligand
molecule. The complexation of Btz-OH with the metal ion
makes the carboxyl moiety negatively charged, which might
induce the hydroxyl group to release its proton. This deproto-
nated group could easily interact with the oxygen atom of the
ethanol molecule. Thus, the proton transfer process is achieved
indirectly through the ethanol molecule. Accordingly, a red-
shifted ESIPT band was also observed in the metal salt of Btz-
OH. For [Ln(Btz-OH}(tpy)], the intensity of the 510 nm ESIPT
emission from the Btz-OH moiety varied significantly, depend-
ing on which Ln(lll) ion is introduced. Thus, energy transfer is
more favorable for Btz-OH than for Btz-OGH
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For the Yb(lll) complexes, the sensitized luminescence with
relatively intermediate intensity was observed at 980 nm band.
This band is attributed to the transition from the emittffg,
level to the groundF; level of the Yb(lll) ion. For the Nd-

(1) complexes, three sensitized emission bands appeared, at

880 nm (w), 1060 nm (s), and 1330 nm (w). These bands are
attributed to the transitions from the emittifigs» level to the
Hos2, 41172, and?l 132 levels of the Nd(lll) ion, respectively. For
the Er(lll) complexes, a sensitized emission band with relatively
weak intensity appeared at 1530 nm, which is attributable to
the transition from the emittindl 132 level to the groundl s,
level of the Er(lll) ion. Unexpectedly, when the Er(lll) complex
was dissolved in ethanol, the characteristic sensitized NIR
luminescence appeared as a trace for [Er(Btz-g)&ty)]) or
was very weak for [Er(Btz-OHjtpy)]. These results indicated

a very significant energy loss from the Er(lll) complexes,
resulting from phonons of the surrounding solvent molecules.
Actually, the NIR-emitting levels were seriously influenced by
phonons such as-€H or O—H vibrations. The characteristic
emission in the NIR region was significantly quenched, as the
vibration overtones were well matched to the NIR-emitting level
of lanthanide ions. For Er(lll), the characteristic luminescence
around 1530 nm was almost eliminated by the influence of the
phonons provided from ethanol molecules.

Decay Time and Quantum Yield@he NIR luminescence
decay profiles were measured upon excitation of the Btz-R (R
= OCH; and OH) ligand moiety. The 980, 1060, and 1530 nm
bands were chosen for monitoring emission wavelengths for
Yb(Il), Nd(lll), and Er(lll) complexes, respectively. The
measured NIR luminescence decay profiles of the complexes
(Figure 5) are well fitted by a single-exponential function. The
obtained lifetimes of the sensitized luminescence are listed in
Table 2. The quantum yield of the sensitized NIR luminescence
of Ln(lll) in the complex can be estimated using the following
relationship between the experimentally determined lifetime of
Ln(I) (tob9 and its natural lifetime):

Tobs

sens T

i) (7)

o

Using reportedr, values of 2.00 ms for Yb(lll), 0.27 ms for
Nd(ll1), and 8.00 ms for Er(I1137-38we calculated the quantum
yield of the sensitized luminescence (Table 2). The NIR
sensitized luminescence quantum yields of the Btz-OH com-
plexes are more efficient than those of the Btz-Q€bimplexes,
indicating that the ESIPT process enhanced the NIR sensitized
luminescence. The Nd(lll) complexes gave the largest quantum
yield, and Er(lll) complexes gave the smallest quantum vyield.
As described above, a decrease in the intensity of the normal
or ESIPT emission from the benzothiazole derivatives is strongly
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related to the energy transfer process. The sensitized IuminesFigure 5. Luminescence decay profiles obtained from [Ln(Btz-R)

cence of Ln(lll) results from the excitation of the benzothiazole

derivatives into its singlet excited state, energy transfer from
the singlet to the resonance level of Ln(lll), and the subsequent
relaxation to the emitting level. Considering this pathway, the

overall quantum yield of the sensitized luminescence can be
expressed as

T
— (I)antenna(DET(DreI

[o]

C)

Q

where the quantum yield of the Gd(lll) complex is taken as
Danennadnd Dre is the relaxation efficiency, which is strongly
associated with radiationless transition from the receiving level
to the emitting level of Ln(lll). The energy transfer efficiency

(tpy)] complexes in toluene and ethanol (EnYb (a), Nd (b), and Er
(c); R= OCH; and OH).

(®Per) of each lanthanide complex was estimated from a
comparison of the peak area between the Gd(lll) complex and
each NIR-emitting lanthanide complex in the visible region.
Substituting the experimentally determined valuesiQfienna
and®erinto eq 8, we obtained th@, values. The values listed

in Table 2 show that the energy loss during the relaxation was
much greater for the Er(lll) complexes than for the Yb(IIl) and
Nd(lll) complexes. This may be due to the larger energy gap
(AE) between the energy-donating level of the benzothiazole
derivative and the emitting level of the Er(ll1) ion. The Yb(lII)
ion has only a singléFs;, excited state, at 10200 crh As
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& TABLE 3: Calculated Critical Radius ( Rg) and the Expected
X, Energy Transfer Rate Constants ke;) of the Ln(lll)
30000 —| Complexes
_bﬁ ——
—_— Ro Ket
| —:: ::: S'(Btz-R) solvent R Ln A) ars?
ol — toluene OCH Nd 10.44 1.08
20000 — i Er 10.24 0.96
I — TR OH Nd 12.95 454
= — - Er 11.54 2.69
13 = —_—r. " ethanol OCH Nd 11.25 1.69
e —n — Er 10.97 1.46
—— W, L N OH Nd 13.09 5.72
E = Er 11.97 3.36
i ﬁ“' 'I_ . . .
= g ol . g the resonance energy transfer mechanism is suitable for the NIR-
ce @ emitting Ln(Ill) complex in the solution state.
o ——s . ™ " We estimated the energy transfer rate using the energy transfer
Gas Yb3+ NdS* Ers* mechanism described by eq 4. In eq 4, the actual denor
Figure 6. Schematic energy diagram of energy transfer mechanisms acqeptor .dlstanceR._, was calculqted by theoretical geometry
in [Ln(Btz-R)s(tpy)] complexes (R= OCH; and OH). optimization (molecular mechanics M method), resulting
TABLE 2: Quantum Yield d Lumi Lifeti " in a distance of approximately 8.84 A. All possible levels of
: Quantum Yields and Luminescence Lifetimes o i i ;
[L'n(Btz-R) s{tpy)] Complexes (Ln = Gd, Yb, Nd, and Er: R Ln(lll), the absorption band of which overlappe.d Wlth.the
= OCH3z and OH) normal and the ESIPT bands of Btz-R were considered in the

calculation. The calculated resonance energy transfer rates of

quantum yields [Ln(Btz-R)(tpy)] (Ln = Nd and Er) dissolved in organic solvents

Dy Doens  Tobs are listed in Table 3. The energy transfer rates of Btz-OH to
solvents R Ln @y Per (x107)  (x107%)  (us) Nd(lll) and Er(lll) are greater than those for the Btz-OCH
toluene OCH Gd 0.302 complexes. Figure 6 shows an energy diagram, including a

Yb 0.265 0.122 9.0 33 065  comparison between the-f transition level of the lanthanide
Nd 0208 0.310 4.3 40 010 ions and the ligand luminescence level. The hypersensitife f
Er 0236 0219 03 02 018 transition levels of lanthanide ions &@s, for Nd(Ill) and 2H

OH  Gd 0.089 512 1172
Yb 0.056 0370 24.0 79 158 for Er(lll). Figure 6 illustrates that the ligand levels were moved
Nd 0.009 0.897  48.9 39.0 0.97 toward the hypersensitive levels of lanthanide ions due to ESIPT,
Er 0.020 0.775 13 0.9 0.72  which increased the spectral overlap integral between the ligand

ethanol  OCH Gd 0.406 emission band and the hypersensitive absorption band of Ln-

ch)i 8'_33% 8'_2?53 ggj 1?5'_% %‘_g% (1. In toluene, the weight of the transferred energy to the
Er 0391 0037 nearly degeneratéGy, and Gy states of Nd(lll) is only 9%

OH Gd 0.078 for the Btz-OCH complex, but it increased to 30% for the Btz-
Yb 0.034 0.565 19.3 85 170  OH complex. Similarly, the weight of the transferred energy to

Nd 0019 0.760 37.1 22.0 035 the?H,,,, state of Er(Ill) was increased from 15% to 39% by

Er 0.022 0.716 0.9 05 038 ESIPT. In addition, the energy gap between the emission level
shown in Figure 6, the energy difference betweer?Hag level of the ligand ar_1d the emitting level of the lanthanide ion was
of Yb(I1) and the*Fs, level of Nd(lll) is very small. However, decr(_ez_;lsed, which _also contributed to th_e enhancement_ of the
the efficiency of Yb(Il) is much less than that of Nd(Ill). This ~ Sensitized NIR luminescence quantum yields by decreasing the
could be related to the fact that Nd(Ill) has a wealth of accepting €nergy loss through radiationless transition.
levels whereas YDb(lll) has only one. This indicates that the
energy gap between the energy-donating level of the benzothia-
zole ligand and the receiving level of Ln(lll) plays a key role This study revealed that lanthanide complexes containing
in the energy transfer process. Btz-R (R = OCH; and OH) and tpy can produce sensitized

Energy Transfer RateThe energy transfer rate for the NIR luminescence by energy transfer from Btz-R to Ln(lll).

sensitized luminescence from an organic ligand to Ln(lll) has The Btz-OH ligand dissolved in toluene undergoes ESIPT,
been explained in terms of their mechanisms for electrostatic leading to a red shift in the luminescence spectrum. The change
interaction and resonance transfer. Previously, we estimated then the spectral distribution of the ligand molecule increased the
energy transfer rate for the sensitized NIR luminescence of Er- spectral overlap integral between the luminescence band of the
(1l1) complexes with PtP and tpy ligands using the multipele  ligand and the hypersensitive absorption bands of Nd(lIl) and
dipole and the dipoledipole mechanisms as the electrostatic Er(lll), thus enhancing the quantum yield of the sensitized NIR
interaction®? The most significant factors determining the |uminescence. The quantum yield of the Nd(Ill) complex was
magnitude of the energy transfer rate were the energy mis- more efficient than that of the Er(lll) complex, due to the smaller
matching factor f [ e~ (AEFh2A)) and the selection ruleAJ: J energy gap between the emitting and ground levels of Er(lll).
+J =12 J—J],4=2, 4, and 6) between the receiving Theoretical calculation confirmed that thérBter resonance
and the final levels. I, AE is the energy difference between energy transfer mechanism correctly explained the energy
the ligand donor level and the lanthanide ion acceptor level and transfer constants of10° s™! for the NIR-emitting Ln(lll)
AA_ is the bandwidth at half-height of the ligand state. For the complexes.
receiving levels satisfying th&J selection rule, the energy
transfer from the visible luminescent ligand to the NIR-emitting Acknowledgment. This work was financially supported by
Er(Ill) was too small to be accepted. Those results suggest thatthe Korean Ministry of Science and Technology through the
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