Journal of

Photochdemistry

PhotoT)iology

A:Chemistry

25
ELSEVIER Journal of Photochemistry and Photobiology A: Chemistry 131 (2000) 61-65

www.elsevier.nl/locate/jphotochem

Singlet—singlet energy transfer from ketone to lanthanideBialiketonates as
studied by chemiluminescence quenching. First observation of infrared
chemiluminescence of neodymium (lIl) and ytterbium (l11) in solution
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Abstract

Intermolecular singlet—singlet energy transfer from excited adamantanone formed at decomposition of adamantylideneadamantane-1
dioxetane (AAD) to the excited levels @diketonate ligand in Ln(TTA}2H,O (TTA — thenoyltrifluoroacetone, La Nd®t, Yb3t)
complexes has been studied by quenching of AAD chemiluminescence (CL) by Lr{ZHAD. Chemiexcitation of N& and Y&t
chelates occurs both at intermolecular quenching of AAD CL and at decomposition oL&A8DO7A) 3 complex followed by emission of
infrared light from N&* or Yb3* excited ff-levels. The corresponding Rftlor Yb®+ CL spectra were recorded and they coincide with their
photoluminescence spectra. The Yb(T3&H,0 has higher photo- and chemiluminescence efficiencies as compared to Ngl@HA)
due to a larger energy gap between radiative and lower-lying levels ¥ ¥b compared to Nit leading to a lower efficiency of
non-radiative relaxation in Y& ion. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction brightly luminescent E¥ and T ions in solutions were
studied in detail [2,4-8] while there were only a limited
Metal p-diketonates are a convenient model compounds number of investigations concerning weakly luminescent
to study the interaction between excited organic molecules Nd®t and YB+ ions [10-12]. Recent interest to the lumi-
and metal complexes, including electron and/or energy nescence of Nt and YB** complexes in solutions [13-20]
transfer processes and photochemical reactions [1-3].is due to their application for infrared luminescence prob-
p-Diketonates of lanthanide ions (Bh) are of particular ing in biochemical investigations [13,16]; for liquid lasers
interest since some of them (especially®Evand T based on LA" complexes [20]; for analytical determina-
compounds) possess bright luminescence due to radiativetion of individual Lr** ions [14]. The chemiluminescence
ff-transitions in Lt ion in solutions at room temperature  of Nd®*" and YB#** ions has not been studied yet. Herein
[4,5]. Luminescence of Lf can be sensitized by energy we present the results of first observation of chemilumines-
transfer from suitable excited organic donor formed either cence ofTris-thenoyltrifluoroacetonates of Rt and Y+
by photo excitation [2,4], or in the course of electrochem- (Ln(TTA)3-2H,0) in near-infrared region in solution at de-
ical [6] or chemical [7—9] reactions generating excited composition of adamantylideneadamantane-1,2-dioxetane
species (chemiexcitation). Lanthanigediketonates are  (AAD). Moreover, quenching of AAD chemilumines-
often used for elucidation of mechanisms and quantita- cence by Ln(TTA}-2H,O complexes allowed us to study
tive characteristics of chemiluminescent reactions and alsosinglet—singlet energy transfer from ketonegtdiketonates
for the activation (enhancement) of CL intensity in those of Nd** and Yi*+.
systems where the primary excited product formed does
not emit but can transfer its excitation energy on®tn
compound [6-9]. The photo- and chemiluminescence of 2. Experimental
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by column chromatography and sublimed. Thenoyltriflu- 8
oroacetone (HTTA) was used as received. Synthesis of Yb(T>TA>3 2H,0
Ln(TTA)3-2H,0 [22]: 0.8 g of HTTA (3.6x 103 mol) was
dissolved in water (650 ml) at 6Q at intense stirring. Solu- -
tion pH was adjusted to 6—6.5 with N®H. To the obtained
HTTA solution was added 2 10~4 mol of LnClz-6H,0 in

3 ml of water. Fine precipitate of Ln(TTA)2H,O formed
immediately was stirred for 30 min until flocculation took
place and was filtered. Large flakes of Ln(TE&8H.0
were not formed if pH of initial HTTA solution was >7 com-
plicating filtration. Chelates were dried at normal pressure
in dessicator, their composition checked by C,H-analysis,
deviation from calculated values0.5%. All experiments ‘ ‘
were carried out in toluene dried by boiling with metallic 15000 20000 25000 30000 35000 400(?0
sodium and distilled. The equipment used was described Wavenumber / cm”

elsewhere [8,9].
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Fig. 1. Fluorescence spectra of @ in CH;CN. Absorption spectra of
Ln(TTA)3-2H,0 in CH3CN and HTTA in heptane.

3. Results and discussion
tration of free AAD and thus decreases CL intensity (Eq.
3.1. Singlet-singlet energy transfer from adamantanone to (3))-
the ligand excited levels in Ln(TTA2H,O as studied by kg
guenching of AAD chemiluminescence Ad=0¢* + Ln(TTA)3 - 2H,0—Ad=0
+ Ln(TTA)3 - 2H,O* 2
Adamantylideneadamantane-1,2-dioxetane is an energy-rich
four-membered cyclic peroxide. It neatly decomposes in K .
solution to form the lowest excited singlet (A@s*) and AAD + Ln(TTA)3=ADD - Ln(TTA)3-3 ¢n*[LN(TTA)3*
It::gl;te(l,gg:(g;*)( B;a[tgi] .of adamantanone with correspond- . 2Ad=0] + (1 — ¢Ln™)[LN(TTA)3 - 2Ad=0],
. . ¢Ln™ is the excitation yield of LATTA)3 (3)
k1 - -
AAD —1.83Ad=0 + 0.15Ad=Or" + 0.02 Ad=Os" @) If only the mechanism (3) is operative, then the ob-

Reaction (1) can be considered as a practically station- servedKsy should be equal to the stat_)ility constant of
ary source of excited species since the rate of AAD AAD-LN(TTA)s complex,Ksy =K [8]. Obviously, the for-

decomposition Kp) is less than 105s~1 up to 100C. mation of AAD.Ln(TTA)3 requires substitution of $O

Activation parameters of the reaction areAlg:14.1 and ~ Mmolecules with AAD, since L# ion in Ln(TTA)s-2H,0
Ea=34kcalmol! [21]. Spectral composition of the ob- 'S already coordination saturated. It should be noted that

served chemiluminescence at AAD decomposition is due to

2

the fluorescence of A&D, and coincides with its photolumi- e HTTA
nescence spectruriigax= 420 nm) (Fig. 1). In the presence A Yb(TTA);2H,0 .
of chelates Ln(TTAJ-2H,0 or g-diketone HTTA the spec- A Nd(TTA), 2H,0

trum of AAD CL in visible (360—700 nm) was not altered
while CL intensity was quenched significantly. In the CL
guenching experiments the rate constants for monomolec-
ular decomposition of AAD were<10-%s™1, and AAD
conversion level was<0.5%. In order to prevent inner filter
effect the quenching of AAD CL by Ln(TTA)2H,O and
HTTA was registered in spectral range>450 nm since
absorption spectra of the quenchers overlap with CL spec-
trum of AAD (Fig. 1). The quenching obeyed Stern—\Volmer
equation (Fig. 2). Corresponding Stern—Volmer constants
(Ksv) of CL quenching are given in Table 1. o s o0 o5 o0 o2 o030
Quenching of AAD chemiluminescence by Ln(TEA) [Quencher] / M
2H,0 can occur either at intermolecular energy transfer from
Ad=0s* to chelate (Eq. (2)) and/or at complex formation rig. 2. Stern-volmer plot for quenching of AAD chemiluminescence by
between AAD and Ln(TTA9-2H20 that lowers the concen-  Ln(TTA)3-2H,0 and HTTA.

I,/1-1

T=345K
toluene
[AAD] =10 M
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Table 1
Parameters of quenching of AAD chemiluminescence by Ln(ET%),0 and HTTA in toluene. Relative intensities of photo- and chemiluminescence
of Ln(TTA)3-2H,0

Quencher Ksv® (Imol1); 345K kg x 107° (Imol~ts™1); 345K Jx 10!° (en*M~1) Ry (&) r (&) I (PLP (au) It (CL) (au.)
HTTA 56 6.1 1.1 93 48 - -
Nd(TTA)3z-2H,0 72 7.9 4.7 119 59 35 39
Nd(TTA)z +Ad=0 76 8.3 4.7 119 58 - 33
Yb(TTA)3-2H,0 81 8.9 4.6 119 57 100 100
Yb(TTA)3 4+ Ad=0¢ 77 8.4 4.1 116 5.7 - 154

aError in the determination oKsy is 10%.

b Relative photoluminescence intensities of M Ln(TTA) 3-2H,0 toluene solutions,exc = 365 nm (frontal excitation) at room temperature. Intensities
can be compared.

¢ Relative chemiluminescence intensities of 3ml of [Ln(TIR&H20] =3 x 1072M, [AAD] =102M toluene solutions at 9. Intensities can be
compared.

dKsy were determined at ratio [AD]/[Ln(TTA)3-2H,0] =5.

€[Ad=0]=0.15M. Other conditions as in footnote c.

[Ln(TTA)3-2H,0O] was used in 5 25 excess relative to  zp in toluene is available, and it was assumed to be equal
[AAD] in CL quenching experiments and the composition to that in hexane [24]rp =9.12 ns. Calculated values for
of Ln(TTA)3-2H,0 is not changed in toluene solution. It kq (Table 1) are close to diffusion limited. Also, in Table
should be expected that in such conditions AAD molecules 1 are presented the critical energy transfer distanBgp (
do not enter inner coordination sphere ofltndue to  calculated fromRy =9.79x 103(k?n—*4¢pJ)Y/6 [23], where
competing HO molecules. It is also evidenced by the fact k?*=2/3 is the geometric facton the refraction index of
that adamantanone introduced in large excess to [AAD] toluene;¢p = 0.0052 the quantum yield of fluorescence of
and [Ln(TTA)-2H20] does not alter the efficiency of CL  Ad=O [25] and the actual distance between donor and ac-
guenching by Ln(TTA}-2H,O (Table 1). Adamantanone ceptor () calculated fromr = Ro(quD)*l/f’ [23]. The mo-
binds Ln(TTA) into Ln(TTA)3-nAd=0 (h=1 or 2) thus lar absorption coefficient of Ln(TTA)2H,0 is higher com-
decreasing the concentration of AAM(TTA)3 [9]. If CL pared to HTTA (Fig. 1), since the former is composed of
guenching was due to formation of AADN(TTA)3, the threep-diketonate moieties and that results in the increased
presence of AHO should have changed the quenching value of overlap integral and more efficient quenching by
efficiency. But since the values ¢fsy do not depend on  Ln(TTA)3-2H,O as compared to HTTA (Table 1).
the presence of AeD we consider the reaction (3) to be Quenching of triplet excited states of organic donors
insignificant in the present system. by metal g-diketonates is studied in detail [1,2,4] while
We think that the observed quenching of AAD CL oc- quenching of singlet states have almost been left unexplored.
curs by allowed intermolecular singlet—singlet energy trans- One should note the quenching of benzene fluorescence
fer (S-S) from AdOs* to the singlet levels of-diketonate by copper (II) acetylacetonate studied by Marciniak [3].
ligand (Ls*) in Ln(TTA)3-2H20 chelate. The energy trans- Investigation of S-S energy transfer from adamantanone
fer is exothermic since AeDs* lies at 29 000 cm?!, while to Ln(TTA)3-2H20 using photoexcitation of ketone is in-
Ls* in Ln(TTA)z is at 26 000 cm?. Additional evidence for ~ convenient since A0 cannot be excited selectively, due
intermolecular S-S energy transfer mechanism comes fromto a low value of molar absorption coefficient as compared
the fact thatg-diketone HTTA itself also quenches the CL to Ln(TTA)3-2H20. emax 0f Ad=0O at 295nm is only 17
of AAD although complex formation mechanism according (Mcm)~! [25], while that for Ln(TTAg-2H,0 is ¢ ~ 10
to Eqg. (3) can not take place with HTTA. The first excited (Mcm)~! (Fig. 1). Thus, chemiluminescence might serve
singlet state of HTTA lies at 26 000 cth. as a convenient approach to study interaction of singlet ex-
According to Forster’s equation for dipole—dipole energy cited states of organic molecules with megatliketonates,
transfer, the efficiency of luminescence quenching is di- since the donor excited state is populated through the en-
rectly proportional to the overlap integral) (between lu- ergy released in the course of chemical reaction and not
minescence spectrum of the donor and absorption spectrunthrough an irradiation with light.
of energy acceptor (Fig. 1) [23} = fID(u)aA(v)v_4 dv,
wherelp(v) is the luminescence intensity of the donor pro-
vided that/ Ip(v) dv = 1 andea(v) the molar absorption ~ 3.2. Spectra and efficiency of photo- and
coefficient of energy acceptor. Actuallsy is proportional chemiluminescence gfdiketonates of Nt and YB+
to J (Table 1). If intermolecular energy transfer is the sole
quenching mechanism, then the bimolecular rate constants In p-diketonates of luminescent Eh ions excitation into
of AAD CL quenching kg) can be calculated from equation ligand absorption band leads to emission of ff-luminescence
Kg=Ksv 7o~ wheretp is the lifetime of adamantanone of Ln3* [5]. Population of excited ff-levels of ¥ occurs
fluorescence in the absence of acceptor. No estimation ofby energy transfer from ligand triplet stater(l), formed by
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Fig. 3. Chemiluminescence spectrum of 3b (uncorrected).

[Yb(TTA)3-2H,0]=3x 102M, [AAD] =102M, t=95C, toluene.
Spectral slitAx =20 nm.

fast intersystem crossingst. — Lt*. It should be noted that
direct excitation of LA™ ion also results in LAi- emission
in Ln3t p-diketonates.

Energy transfer from Ag0* to Ln(TTA)3-2H,O (Egs.
(2) and (3)) also forms excited Bh p-diketonate with
excitation located on ligand §* state or directly on the
Ln3t ion, and thus we anticipated to observe chemilumi-
nescence of L ion, since Ndt and YB** p-diketonates
exhibited photoluminescence in toluene solution. Actually
the chemiluminescence of Rt and YB™ was ob-
served in the system Ln(TTARH,O-AAD (Figs. 3
and 4). For Né&* the maxima in CL spectraifiay) are
situated at 88@&20nm (Fs;2 — *lg/» transition) and
1060+ 20 nm éFs/» — 217/2), and for YI#+ at 980+ 20 nm
(®Fs/2 — 2F7/2). Spectra of PL and CL of Nt and YB**
coincide with each other and with the known PL spectra of
these ions [10-20].

The integral luminescence intensitids)(of Ln(TTA)z-
2H,0 corrected for the spectral sensitivity of Cs—O—Ag pho-

tocathode [26] used for infrared measurements were cal-
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In Yb3* the energy gap betweéirs,, and?Fy, levels is
10000 cntt, while for Nd®* the gap betweeftFs/, and
4115/2 levels is 5390 cm?. Smaller energy gap in Nd ion
results in effective non-radiative energy dissipation through
high vibrational modes of C—H and O—H bonds present in
the surroundings of Nt .

3.3. Mechanism of chemiexcitation of Ndand Y&+

Chemiexcitation of N&" and YB* in the system in
guestion can occur firstly, at intermolecular singlet—singlet
energy transfer from AgOs* to the p-diketonate ligand
Ls* level (Eq. (2)): AdOs* — Lg* — L1* — Ln3* (vide
supra). In that case the observed CL intensity of'Lshould
be directly proportional both to thig, value (Eq. (2)) and
luminescence quantum yield of #h compound.

Secondly, LAt can be excited at intermolecular
triplet—triplet energy transfer from ADt* to the p-diket-
onate ligand k* level: Ad=Or* — L1* — Ln3t*, since
triplet states of organic donors are effectively quenched
by Ln3t p-diketonates and the quenching is accompanied
by sensitized LA luminescence [1,2,4]. Energy trans-
fer Ad=O1* — L1* is exothermic, since AFOT* is situ-
ated at 26 300 cm' [7], while Lt* in Ln(TTA)3-2H,0 at
20500cnTt. However, the probability of intermolecular
energy transfer from AOT* should be small due to an ex-
tremely short lifetime of AgOr*: ¢ = 0.06 ns at 90C [21].

Thirdly, one cannot exclude chemiexcitation of 3tn
at intracomplex energy transfer to ¥ or ligand lev-
els from Ad=Ot* formed at decomposition of AAD in
AAD-LNn(TTA)3 (Eg. (3)). Although complex formation is
an insignificant pathway in the quenching of AAD CL (vide
supra), chemiexcitation of I in AAD -Ln(TTA)3 might be
very effective to determine the observed®trCL intensity,

culated in order to compare their luminescence efficiencies since the rate of AAD decomposition in AADN(TTA)3 (k2

(Table 1). Corrected integral intensities of CL and PL for
Yb(TTA)3-2H,0 were always higher than those for &d

in Eq. (3)) is expected to be higher thinby 2+ 3 orders
of magnitude [9] and energy transfer might occur directly to

chelate. It can be accounted for by larger energy gap betweerl-n®" levels. Recently, the efficiency of intracomplex3m

radiative and lower lying level in Y& as compared to Nd'.

Intensity of CL

600 800 1000 1200
Wavelength (nm)

400

Fig. 4. Chemiluminescence spectrum of 3d (uncorrected).
[Nd(TTA)3-2H,0] =3 x 10 2M, [AAD] =102M, t=95°C, toluene,
AX=20nm. Broad band at 1100-1250 nm is an artifact.

chemiexcitation as compared to intermolecular was shown
in Pr3* g-diketonates—AAD system [9].

To elucidate the chemiexcitation mechanism we have
studied the influence of adamantanone on the CL intensity
of Nd®*t and YB** chelates. If intermolecular energy trans-
fer was the sole chemiexcitation mechanism the addition
of Ad=0O would enhance ¥t chemiluminescence inten-
sity since Ksy and kg values for Ln(TTA}-nAd=0O and
Ln(TTA)3-2H,0 are equal (Table 1) while luminescence
guantum yield of Ln(TTA}-nAd=0 is >3 times higher than
that of Ln(TTA)-2H,0. On the other hand if intracom-
plex mechanism was the only operative — adamantanone
being in excess to AAD would quench ¥h CL intensity
by completely preventing formation of AADN(TTA)s3
complex. In the experiment we observed that addition
of Ad=0O to the Ln(TTA)-2H,O-AAD system enhances
CL intensity for YB* and decreases it for N8l chelate
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