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A near-infrared (NIR) luminescent erbium (lll) ternary complex has been prepared with an ion-associating

sensitizer of IR5, a NIR dye whose large absorption cross section covers the visible spectrum around 488 nm
and especially the NIR spectrum around 980 nm. In this paper NIR photoluminescence from the complex in

bulky powder is obtained. The 1.54n emission of erbium ion upon 980 nm laser diode (LD) excitation is
remarkably enhanced, as a result of effective indirect excitation of erbium ion via IR5 (harvesting most

excitation light). The luminescence mechanisms upon indirect excitation are simply described. It is suggested
that the investigated complex is potentially an active substance for the fabrication of planar optical amplifiers
operating at 1.5:m, which in particular can be conveniently based on cheap pumping sources such as 980

nm LDs and are compatible with the current optical communication network.

1. Introduction Considering that the erbium organic complexes are promoted
to fabricate erbium-doped polymérwor sol-gel-derived hybrid
organic-inorganic materiafsfor planar optical amplifiers, it is
necessary to design an erbium complex with intense absorption
in the NIR spectrum so as to especially employ the semiconduc-
tor laser diodes as pump sources with high efficiency.

Hence, we propose a commercially available NIR dye (IR5,

Erbium (1) ion used as an active element in planar optical
amplifiers operating at 1.5:m has attracted considerable
attention!2 Unfortunately, it has an intrinsically small molar
absorption coefficient in the U¥vis—near-infrared (NIR)
spectrum due to its forbidden characteristic of intra-4f transi-
tions, which is unfavorable for pumping efficiency. However, . : . - 7
the molar absorption coefficient of some organic chromophore |.e.,+ _Q'SW'tCh 5asa sensitizer for near-lnfrareq emission of
is 3-5 orders of magnitude larger than that of erbium ion. Er*t ions. The reasons are that its molar absorption coefficient

Generally, one solution to enhance luminescence of erbium (l11) fc_;r the banfd hat 980 _nTn, which jUSt belongs to the vi_brcl)nic
ions is to indirectly excite erbium ions through their luminescent Sideband of the principle absorption band at 1090 nm, is large

excited states that are populated via an energy transfer procesgngfgﬁ'm aqd its first trlplgt ;tate ffis low enough, apout 7500
from the triple states of organic chromophores to them. And cm acco_rdlng to our p_rellmmary StUdY' An aIFernatNe strategy
this energy transfer process can be realized either through direc‘_n the design of an erbium Comp'ex W'th. |R5_ Is to s_ynthe5|ze a
coordination of a sensitizer molecule multidentate with a number '9and that comprises an erbium-coordinating moiety and the
of donor atoms or through coordination of a simple ligand

sensitizer IR5, namely an IR5-functionalized ligand. However,
covalently attached with a sensitizer molecule. Recently, near- this strategy is difficult to carry out since it involves complicated

infrared emission originating from sensitizer-functionalized °r9anic synthesis procedures. As we know, lanthanide ternary

ligand-based lanthanide &t Nc®*, and Y5*) complexes has complexes' formed .by ion-agsociation of an anﬁon binary
been reported:® Nevertheless, the sensitizers are limited to complex with a basic dye cation such as rhodamine dye are

visible fluorescent dyes, which brings about several drawbackser‘”pl_ow_BOI in spec_tr(_)ﬂuorome_tric analyéiﬂhis leads to the
for the near-infrared emission of erbium ions such as the Possibility of obtaining a similar lanthanide ternary complex

following: (a) Mismatch between the triplet state of the organic with IR5 dye since IR5 dye is also classified as a basic dye
sensitizer which is generally above 13500 émand the with a large cation segment. _Oq the basis of all the _above
luminescent levefi1s, of ER* ion which is relatively low at concepts, an erbium ion-association ternary complex Wlth IR5
about 6500 cmt. The large energy gap may resuit in a low dye moiety (IR5 tetraklls(hexaﬂuoroacetylace'.[onato) erblum(l[l)
energy transfer quantum yield and consequently low overall (EM(HFA)IRS)) (see Figure 1) has been designed for potential
luminescent quantum yield. (b) Limitation of the excitation light °Ptical applications. In the complex, the IRS functional segment
wavelength to the U¥vis spectrum. This disadvantage makes Pound through Coulombic interaction is close enough to the
it incompatible with as-available optical telecommunication ferb|um ion, which may kg),"’e rise to e;flluent energy transferd
applications based on silica fibers, in which typically a Tom IRS segment to erbium ion. In this paper, we prepare
semiconductor laser diode presenting 980 nm light is popular the cor_nplex and investigated its near-infrared luminescence
as one of the pumping sources owing to its relatively low éost, ProPerties.
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Figure 1. Chemical structures of the ion-association ternary complex ! ‘k"‘-r
Er(HFA)JR5 (top) and the precursor complex Er(HRK)(bottom). /1 BEN
1 L L
thesized using the procedure of Melby et al. with a slight Phos. |

modification!? The complex had first been characterized by FT-
IR (Nicolet Avatar360 FT-IR) and elemental analysis (CE
Instruments Eager 200). Then the complex Er(HFRS was
prepared by mixing 1 equiv of IR5 dye salt with 1 equiv of
Er(HFA)4K in chloroform solution (added with a small amount
of dimethylformamide) where the ion exchang reaction occurred
as Er(HFA)K + IR5 dye salt— Er(HFA)IR5 + KCIO, ¥: Wavelength (nm)
subsequently the mixture was kept for 24 h, and finally the Figure 2. (a) Absorption spectra of Er(HFA dissolved in chloroform
precipitated potassium perchlorate and the solvent were re-(1 x 10->mol/L, top) and Er(HFA)IRS in chloroform (2x 1075 mol/
moved. The recrystallized complex was dried in vacuo, and its L Pottom). The absorption gands o(fzslflr)(HEK)are specified to the
centfcaton was confirmed by FT-IR, cemental anaysis, ana [arSters fom gound v to ® s 10,063 ravged
UV —vis spectroscopy. FT-IR (KBr pellet, crf): [Er(HFA).K] guide for the eye. (b) Normalized absorption spectrum of IR5 dye salt
1680(s), 1449(m), 1208(s), 1150(s), 851(m), 801(m), 725(S), in chloroform solution (solid line), fluorescence spectrum in the visible
663(w), 451(w); [IR5 dye salt for comparison] 3056(w), region and NIR fluorescence spectrum of IR5 dye salt in chloroform
2932(w), 2862(w), 1491(w), 1425(m), 1267(s), 1121(s),1090(s), solution excited at 500 and 980 nm (short-dash line), respectively, and
828(m), 766(m), 701(s), 623(m); [Er(HFARS5] 3058(w), phosphorescence spectrum of bulky IRS dye salt excited at 488 nm at
2931, 286, 1664(5) 148a(m), 1447(m), 1429(m), 12730, 7 K 51 Gt s i) (o) ormaled prospnorescence specnm
1205(s), 1136(s), 840(w), 801(w), 762(s), 723(m), 701(s), (solid line) (bottom):4

668(w), 617(w), 455(w). Anal. Calcd. for Er(HFA: C, 23.2;

H, 0.4; Er, 16.2. Found: C, 22.6; H, 0.5; Er, 16.0. Anal. Calcd.
for Er(HFA)IR5: C, 50.3; H, 2.8; Er, 10.0. Found: C, 51.4;

H, 3.2; Er, 9.7. UV-vis (nm) for EF(HFAMRS: 500, 616,  ghqorption spectrum of Er(HFARS the absorption bands
691(sh), 883(sh), 966, 1015(_Sh)’ 1091. attributed to the IR5 segment are so intense and wide as to cover
Measurements of absorption spectra were performed on ayp all those of the erbium ion, which confirms the existence of
double-beam Perkin-EImer Lambda spectrometer with a spectralihe |R5 segment in the complex. In particular, upon comparison
resolution of 1 nm. Visible fluorescence spectra were recorded of the two absorption bands at around 488 nm and 980 nm

on a Hitachi Model F-4500 fluorescence spectrophotometer. The panween Er(HFAJR5 and Er(HFA)K, we can find that the

NIR photoluminescence spectra were determined at room mgjar absorption coefficients in both bands for the former are
temperature using a spectrometer equipped with a monochro-gyer 3 orders of magnitude larger than those for the latter due
matic (Spex 1269, SPEX Industries Inc., USA) and a liquid g the presence of the IR5 segment. The normalized fluorescence
nitrogen cooled Ge detector (EO-817L, Yellow River Systems gpectra in the visible and near-infrared region for the IR5 dye
Inc., USA). The integral time was aptly selected according to sajt are also obtained to determine the singlet state levels of
the photoluminescence intensity, and the spectral resolution wase |R5 segment. From the crossing of the normalized absorption
2 nm for all photoluminescence measurements. The phos-anq fluorescence spect?dor the IR5 dye salt as indicated in
phorescence measurement was performed at 77K with liquid Figure 2b, the energy levels of the first singlet statasd the
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in Figure 2a. The absorption spectrum of Er(HR )exhibits
the intrinsic absorption bands of the erbium ion. But in the

nitrogen cooling. second singlet state,Sre estimated to be 9000 cfand
18 400 cn1t, respectively. Also in Figure 2b the phosphores-
3. Results and Discussion cence spectrum of the IR5 dye salt in bulky powder is shown,

from the crossing of which and fluorescence spectrum the energy
3.1. Absorption, Fluorescence, and Phosphorescence Spec- level of the first triplet state fis analogously evaluated as being
tra. Absorption spectra of x 1072 mol/L Er(HFA),K and 2 about 7700 cm! (but that of the second triplet state annot
x 1075 mol/L Er(HFA)IR5 in chloroform solution are shown  be directly evaluated from this).
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Figure 3. NIR photoluminescence spectra of the complexes Er(hR8) intersystem crossing, and energy transfer, respectively.

(dash-dot-dash line) and Er(HFK)(solid line) in bulky powder excited

by the 980 nm LD laser line with output power about 100 mW (integral . L
time 0.1 s) (a) and the 488 nm line from an*Alser with nearly Er(HFA)4IR5 upon exciting at 980 nm is higher than that upon

equal output power (integral time 0.8 s) (b) at room temperature. The €XCiting at 488 nm since the background noise for the latter
marked transitiondl s, — ‘152 and § — S refer to erbium ion and appears a little distinct, probably owing to different photo-
the IR5 segment, respectively. luminescence mechanisms which correlate with excitation
sources (vide infra). In Figure 3b the unexpected broad band
3.2. PhotoluminescenceNIR photoluminescence spectra of ~around 1300 nm for Er(HFAJRS, which becomes obvious since
the two complexes Er(HFA)R5 and Er(HFA)K have been  the emission of B at 1500 nm is depressed, is considered to
obtained at room temperature using two kinds of excitation be the emission from singlet oxygém, (ca. 1275 nm). In
sources, a 980 nm semiconductor laser diode and araser Figure 3 there is very weak or absent IR5-related fluorescence
with a 488 nm line, as shown in Figure 3. The investigated (S1— S) thatis present in the fluorescence spectra of the IR5
samples are measured in bulky powder in order to avoid partial dye salt.
dissociation and additional coordination for the complexes, For the complex Er(HFAK, the absorption bands around
which probably take place in solution. In addition, the excitation 980 nm and 488 nm are not assigned to electronic transitions
light was not intensively focused on the samples since the of the ligand HFA but to the intrinsic absorption transitidhs.
samples may be decomposed upon large excitation density. The— #l112 and* 15, — *F72 of Er** (see Figure 2a). Only a direct
intensities of the broad emission bands with a full width at half- excitation process for the luminescence of'Ebns may occur
maximum (fwhm) value up to 80 nm, corresponding to the when this bulky complex is excited at 980 nm and 488 nm,
transition 4113, — “l152 of erbium ion, for the complex  precluding the indirect excitation process via ligands. In the case
Er(HFA)4R5 upon excitation at both wavelengths exhibit 10- of the complex Er(HFAJRS5, according to the absorption
fold and 2-fold greater intensity than those of the complex coefficients above-mentioned at the two absorption bands around
Er(HFA)K, respectively. The obvious spectral noise for 488 nmand 980 nm, itis reasonable to deduce that the excitation
Er(HFA)K is due to its weak luminescence signal. It should light is mainly absorbed by the IR5 segment, which implies
be noted that a difference between the profiles upon different that the indirect excitation process via IR5 is expected to be
excitation wavelengths can be seen for Er(HFRD, two dominant for enhanced Er(HFARS luminescence, and the
comparable peaks at 1530 nm and 1555 nm from 980 nm direct excitation process is negligible.
excitation but one peak at 1530 nm with a 1557 nm shoulder 3.3. Indirect Excitation Mechanism. Furthermore, we
from 488 nm excitation. The change in the relative peak present a simplified model to explain the mechanism of NIR
intensities is a manifestation of a change in the relative transition photoluminescence from Er(HFARS upon indirect excitation
probabilities between the seven Stark level$lgf, and eight via the IR5 segment, as depicted in Figure 4. The data for the
levels of“l152,15 but the actual cause and significance remain energy levels for B are adopted from ref 16. The energy levels
unknown here. A suspected cause for decreasing the relativeof the singlet states and the first triplet state of the IR5 segment
strength at short wavelength is tentatively deemed to result from are estimated as above. And the energy levels of the second
the reabsorption process offEiions. The reabsorption process triplet state | is calculated according to the assumption that
(at ca. 1530 nm) can distort the emission spectrum, particularly the lowest singlettriplet split for the NIR dye monomer is
for the solid samples used in the photoluminescence measuresmall, about 10083000 cn1?, since the actual value cannot
ments and the large photoluminescence intensity in the case ofbe identified by the same method ag!T18 Thus the energy
980 nm excitation. It is obvious that the luminescent yield of level of the second triplet state, T about 17 000 cmt.
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3.3.1. On Excitation at 980 nmccording to Malta et al*? emission can be attributed to efficient energy transfer from the
the selection rules for energy transfer from the excited singlet IR5 segment to the Ef ion.
or triplet state of the sensitizer to th&"1T; levels of lanthanide 3.3.2. On Excitation at 488 nrivhen Er(HFA)IRS5 is excited

ions are as follows]AJ| = 0, 1 = J = 0 forbidden) for the at 488 nm, the second singlet statedb the IR5 segment is
electron exchange energy transfer mechanism (Dexter mechafprimarily populated through the transitiog S S, because of
nism) and|AJ| = 2, 4, 6 for the dipolar or multipolar energy  the above-mentioned reasons. Since the internal conversion
transfer mechanism (Ester mechanism). Upon exciting the between $and § is considered to take place extremely fast in
bulky Er(HFAIR5 at 980 nm, the IR5 segment as an “antenna” €ss than 10! s with respect to the intersystem crossing from
exhausts most of the excitation photons due to its large Sz to Tz (generally in 107 s), S deactivates to Srather than
absorption cross section, which then raises the electrons of IR5t0 T2.'” After that, a process similar to that for the 980 nm
from the ground-state 3o the excited-state;SPathways to excitation will happen. SL_Jrer, the external_ heavy atom effect
deactivate § are described as follows: (a) First undergo Of Er*" may promote the intersystem crossing-S T.. Given
intersystem crossing (ISC) passing through the lowest triplet that, T> should transfer energy via the Dexter mechanism only
state T, (S1 — T1) at an enhanced rate due to the external heavy © the*! 13,24Ievel of EF* (Af = 1) or via the Fester mechanism
atom effect of paramagnetic erbium ion (in the case of this work, Oy © the‘luiplevel of EFT (AJ=2) accord|n4g to the selection
weak IR5-related fluorescence in the presence &f Eray be rules. Ijowe_ver, the energy gap betweemiid®ls; or betwe(fn
the proof for this, see Figure 3&)then intramolecular transfer Tzand™112iS S0 large as to be over 10 000 chor 6000 cm,
energy (ET) to the radiative excited leviéiys of the erbium which will result in a very small energy transfer rate from T

4 4 —
ion chiefly via the Dexter mechanismAJ| = 1)2 since the t°r3113’2 or from T, 10 1112 Hence, we exclude the,S- T,
IR5 segment is considered to adjoin closely to the outer Er¥* pathway from contributing to energy transfer from the IR5

dinati h f th bi ion th h the Coulombi segment to Br. Conclusively, combined with the as-discussed
c?fortlna lon sp etredo_ IS er 'UT |ond tLOUQI € LoulombIC o ain energy transfer process on 980 nm excitation, the main
efiect as suggested in =igure L an € close energy Cor'energy transfer process leading to the NIR luminescence®6f Er
respondence for iT(ca. 7700 cm?) and“l13, (6500 cnT?l) is

: i on 488 nm excitation is denoted agS S; — T1 — ErPT(*l13p).
evident. The actual distance betweefi'tand the IRS segment 1t j5 oted that the molar absorption coefficient of IR5 at 488

cannot be determined directly. Nevertheless, on the basis of they, is |ess than half of that at 980 nm, which results in relatively
space-filing model of Er(HFAJRS where all atoms are oy [uminescence intensity when excited at 488 nm.
represented by their van der Waals radifighe rough distance

(from the central I':‘*rfion of dodecahedra [Er(HFA)™ per- 4. Conclusions

pendicular to the conjugated plane of the IR5 segment) can be ) _
presumedly estimated to be less than 7 A. This agrees with the N summary, the enhanced NIR photoluminescence of erbium
small distance €10 A) needed for efficient energy transfer by 10N has been achieved from the erbium ion-association ternary

the Dexter mechanism. Furthermore, in Figure 2b the normalized €OMplex sensitized by the near-infrared dye IRS upon 488 nm
phosphorescence spectrum of the IR5 dye salt‘trelhs;, — excitation and upon 980 nm excitation. The results suggest that

41,4, transition absorption spectrum of Erin the range of the complex has promising applications in erbium-doped optical

1200-1650 nm exhibit spectral overlap between them. As materials. Indirect excitation mechanisms for the investigated

; L, Er3t(4
expected, the manifold levél;s, is the only acceptor level of ggrgplex a“?t dt(_educeg mamly_t)oTb@_)SI‘E;i " Er® f( Ifé% for
Ers*, with the Ty of the IR5 segment the donor level. According nm excitation andz5—- S, — Ty (fl13p2) for nm

o1 . ) excitation. Further work is in progress concerning more evidence
to Dexter;” the spectral overlap integrall)( of the phos for the two mechanisms. Also, the intensified NIR luminescence

phorescence spectrum of the IR5 dye salt and the absorption . . -
. . . of this complex pumped at 980 nm provides the possibility to
spectrum of E¥* can be given byl = /f(4)ea(4) di with the incorporate the complex into polymers or hybrid organic

phosphorescence of the donor and appropriate transition absorp|'norganic matrixes to fabricate planar amplifiers compatible with

tion of the acceptor normalizedf6(4) di = 1 and fea(4) di the existing optical communication network.
= 1, respectively). The calculatebvalue in this case is 2.41
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