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m-Terphenyl-based lanthanide complexes functionalized with a triphenylene antenna chromophdje ((Ln)

exhibit sensitized visible and near-infrared emission upon photoexcitation of the triphenylene antenna at 310
nm. Luminescence lifetime measurements of the {Eumd (Tbh)L complexes in methandi; and methanoty

revealed that one methanol molecule is coordinated to the lanthanide ion, indicating that all eight donor
atoms provided by the ligand are involved in the encapsulation of the lanthanide ion. The luminescence
lifetimes of the near-IR-emitting complexes (Er(Nd)1, and (Yb)L in DMSO-hs and DMSOQO¢s are in the
microsecond range, and are dominated by nonradiative deactivation of the luminescent state. The processes
preceding the lanthanide luminescence in the sensitization process have been studied in detail. The complexed
lanthanide ion reduces the antenna fluorescence and increases the intersystem crossing rate via an external
heavy atom effect. The subsequent energy-transfer process was found to take place via the antenna triplet
state in all complexes. Luminescence quantum yield measurements and transient absorption spectroscopy
indicated that in solution two conformational isomers of the complexes exist: one in which no energy transfer
takes place, and one in which the energy transfer does take place, resulting in the lanthanide luminescence.

The intramolecular energy-transfer rate is higher in the IEud (Tb)L complexes than in the near-infrared-
emitting complexes. In methanol the energy-transfer rate is<318" s* for (Eu)L and (Th)L. In DMSO-ds
the intramolecular energy-transfer rate is higher in the (INd)mplex (1.3x 10” s%) than in the (Er} (3.8

x 1 s71) and (Yb) (4.9 x 10° s™1) complexes.

Introduction 1-10 M~*cm™1), and the luminescence lifetimes are relatively
long (ranging from microseconds to milliseconds). Moreover,
since the 4f orbitals are shielded from the environment by an
outer shell of 5s and 5p orbitals, the emission bands remain
narrow, even in solution or in an organic matrix at room

The excitation of lanthanide ions by energy transfer from an
organic antenna chromophore to obtain visible and near-infrared
luminescence remains an intriguing concept that can be applied
in many areas varying from fluoroimmunoassays optical temperature
signal amplificatior® Provided that most of the excitation C ) ) )
energy is transferred from the antenna chromophore to the 1N€ sensitization pathway in luminescent lanthanide com-
luminescent lanthanide ion, this process is much more effective Pléxes generally consists of excitation of the antenna chro-
than direct excitation, since the absorption coefficients of organic MoPhore into its singlet excited state, subsequent intersystem
chromophores are many orders of magnitude larger (typically ¢rossing of the antenna to its triplet state, and energy transfer
3-5) than the intrinsically low molar absorption coefficients from the triplet to the lanthanide igh® This simple, yet
of trivalent lanthanide ion$The lanthanide luminescence arises adequate, photophysical model is depicted in Figure 1 together
from intra-4f transitions which are parity forbidden. As a With the lanthanide 4f energy levels responsible for the
consequence, the molar absorption coefficients are low (typically luminescence. The overall quantum yield of sensitized emission

(¢se is therefore the product of the triplet quantum yieteld),

* To whom correspondence should be addressed. F@-53-4894645.  the energy-transfer quantum yielde{, and the intrinsic
E-mail: F.C.J.M.vanVeggel@ct.utwente.nl. luminescence quantum yield of the lanthanide ipin.{), hence
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Figure 1. Left: Photophysical model describing the main pathways in the sensitization process. Right: Energy diagram of the 4f levels responsible
for the lanthanide luminescence, where a filled circle denotes the lowest luminescent state and an open circle denotes the highest nonluminescent
state (adapted from Stein, G.;'Wberg, E.J. Chem. Physl975 62, 208).

Do = DiccPePum 1) tionalized complexes of the near-infrared-emitting lanthanide
ions EBT, Yb3", and Nd* are very promising not only for
For an efficient population of the antenna triplet state upon application in fluoroimmunoassay%put also for use in laser
excitation into its first singlet excited state, high absorption systems,/18and for amplification of ligh&?3
coefficients of the antenna at wavelengths in a suitable excitation =~ Our ongoing research is concerned with the development of
window and a high intersystem crossing yield are required. The a polymer-based optical amplifier in which organic lanthanide
complexed lanthanide ion participates in the population of the complexes are incorporated in polymer waveguides. In the
triplet state by enhancing the intersystem crossing in the antennaelecommunication network optical signal amplifiers are based
chromophore via an external heavy atom effefie subsequent  on lanthanide-doped inorganic materials in which an optical
transfer of the excitation energy from the triplet state takes place transition of E#" is used for amplification of light around 1550
via an electron exchange (Dexter) mechant8mccording to nm2® and an optical transition of Pris used for the amplifica-
this theory, the energy-transfer rate is determined by the distancetion of light around 1300 nr#? Recently, a polymeric waveguide
between the antenna and the lanthanide ion, and by the spectrafloped with neodymium chloride has been shown to amplify
overlap of the phosphorescence spectrum of the antenna andight of 1060 nm?!
the absorption spectrum of the lanthanide ion. Dexter derived Steemers et al. have shown that triphenylene can be incor-
the following relationship between the distance and the energy- porated into a calix[4]arene-based ionophore, and that the
transfer rate: corresponding Bl and T complexes exhibit triphenylene-
sensitized lanthanide luminesceré&@he triphenylene antenna
Ket ~ e o 2 allows excitation up to 350 nm, and it has a high intersystem
crossing quantum yield (0.89J. Oude Wolbers et al.
wherer is the distance between the donor and acceptor, in this have reported the synthesis and photophysical properties of
case the antenna chromophore and lanthanide ionl.asithe m-terphenyl-based lanthanide compleX&&ecently, we have
sum of the van der Waals radii of the donor and acceptor. The developed a synthesis route that allows the incorporation of a
energy-transfer process is strongly distance dependent and theensitizer into am-terphenyl-based ionophoté2In this paper,
transfer rate diminishes rapidly at distances larger than 5 A. we report the synthesis of anterphenyl-based ligand that has
The triplet state of the antenna should be matched to the been functionalized with a triphenylene antenna chromophore
luminescent state of the receiving lanthanide ion to fulfill the (Chart 1), and a systematic study of the photophysical processes
energetic requirements, but approximately 2000 Eimigher of the corresponding visible-light-emitting Eu and TB*
in energy to ensure a fast and irreversible energy trafisfer.  complexes and near-IR-light emitting &g Yb3*, and E#*

A general strategy in the design of luminescent lanthanide complexes. The present ligand is based omtkterphenyl and
complexes is to synthesize a ligand that comprises lanthanide-offers eight oxygen donor atoms for complexation and shielding
complexing moieties, preferably charged oxygen donor atoms of the lanthanide ion: three bidentate oxyacetate moieties and
such as carboxylatésand a sensitizer in close proximity to the  two amide oxygens. The resulting complexes are overall neutral.
bound lanthanide ion. Other examples of reported ligand systemsThe triphenylene antenna chromophore has been functionalized
for lanthanide complexation are cryptand-type ligands contain- with an amide carbonyl to position it in close proximity of the
ing 2,2-bipyridine!* DOTA aza-crown ether derivativé3,  |anthanide ion upon coordination of this functionality.
m-terphenyl-based ionophoré&sand calix[4]arene-based iono- . )
phoresl¢ Sensitizer-functionalized Bt and T+ complexes ~ Results and Discussion
have already been applied as long-living luminescent probes in  Synthesis.The triphenylene-functionalized ligand {4 was
time-resolved fluoroimmunoassalfswhereas sensitizer-func-  synthesized in four steps starting from bis(ami®é} and
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CHART 1 absorption spectrum of the antenna, and proves that the
lanthanide ion is excited via the triphenylene moiety.

The relative intensities and splitting of the (Ewmission
bands are influenced by the symmetry of the ligand, and in
particular by the symmetry of the first coordination sphere.
Experimental data on a variety of Eucomplexes established
that the emission band centered around 590 nm corresponding
to the®Dy — 7F; transition, which is a magnetic dipole transition,
is relatively strong and largely independent of the coordination
sphere, i.e., the ligand field. The emission band centered around
615 nm, corresponding to t8®, — “F, transition, which is an
electric dipole transition, is extremely sensitive to the symmetry
of the coordination sphere and is therefore calflgdersensitie.

It has been established that the intensity ratio of’be— F,
(L)1 transition and théDy — 7F; transition is a measure for the
Ln = Eu, Tb, Gd, Er, Yb, or Nd symmetry of the coordination sphei®ln a centrosymmetric
environment the magnetic dipo¥®, — “F; transition of EG"
triphenylene aldehyd@?? (see Scheme 1). Reaction of bis- is dominating, whereas distortion of the symmetry around the
(amine)5 with 1.3 equiv of benzoyl chloride gave the mono- jon causes an intensity enhancement oftiipersensitie 5Dg
(amide)6 in 20—30% isolated yield. Triphenylene carboxylic — 7F, transition. Complexes with an asymmetric coordination
acid 3 was synthesized in 80% yield by mild oxidation of sphere such as lanthanideis(3-diketonate) complexes have
triphenylene aldehyd2. Triphenylene carboxylic acid chloride  7F,/7F; intensity ratios ranging from 8 to 12, whereas an intensity
4 was prepared in situ with thionyl chloride (SQEIAfter ratio of 0.67 has been reported for the centrosymmetrie Eu
removal of the excess SOLthe triphenylene carboxylic acid  tris(oxydiacetate) comple®. In the present case thé/"F;
chloride4 was reacted with mono(amidéjn dichloromethane  intensity ratio for (Eu} is 4. This value is significantly higher
in the presence of BN, giving 7in 60% yield. After quantitative  than 0.67, which is not surprising, since the structures obtained
hydrolysis of thetert-butyl esters of7 with trifluoroacetic acid from molecular modeling simulations show that the first
(TFA), the corresponding complexes were readily formed upon coordination spheres of the (Lhjcomplexes have a (time-
addition of the lanthanide nitrate salts to methanol solutions of averaged)Cs symmetry?°
the ligand in the presence offitas a base. FAB mass spectra  The (Eu)l spectrum at room temperature shows a splitting
indicate that the complexes have a 1:1 stoichiometry. The IR of the 5Dy — 7F; emission and théDy, — 7F, emission, and a
spectra confirm the presence of carboxylates. single peak at 580 nm corresponding to tBg — "Fq transition.

Molecular Dynamics Studies.The structure of the (L) Lowering the temperature to 77 K did not alter the shape and
complexes (Ln= Nd®*, EW?*, EP*, Yb®") was minimized in splitting of the emission bands (not shown). The values of the
the gas phase and subjected to molecular dynamics simulationsigand field splittings are small, approximately 200 ¢hfor
(500 ps) in a cubic OPL%8 box of methanol or DMSO using  theF; state and 130 crt for the 7F, state, which is due to the
the CHARMM force field?” The simulations show that the  shielding of the 4f orbitals from the environment by an outer
structures of the complexes are comparable in both solventshell of 5s and 5p electroddhe E#* 7F, state is nondegenerate
boxes: all eight donor atoms from the ligand (three phenol ether and cannot be split by the ligand field; therefore, the single peak
oxygens (PhO), three carboxylate oxygens (OCO), and two at 580 nm indicates that there is only one (time-averaged)
amide oxygens (NCO)) are coordinated to the lanthanide ion, luminescenEw* species in solution.
and one methanol or DMSO molecule is coordinated to the  Photoexcitation of the antenna at 310 nm in the (Tb)
lanthanide ion. The Ph@Ln (typically 2.5 A), OCO-Ln complex gives rise to the characteristic greer$*Tbmission
(typically 2.4 A), and NCG-Ln (typically 2.3 A) distances are  corresponding to théD, — 7F; transitions (solid line in Figure
comparable in this series of (Lh)complexes, despite the 3). The strongest emission is centered around 545 nm and
differences in ionic radii of the various lanthanides. In the corresponds to the hypersensitii@, — Fs transition. Monitor-
present complexes the coordination geometry is controlled noting the intensity of the 545 nm emission band, the excitation
only by steric hindrance and Coulombic interactions, but also spectrum of (Th) proves the photosensitization via the antenna.
by the conformational restraints of the ligand system. In the The Tt spectrum shows some fine structure within the
(Ln)1 complexes, the average distance from the center of the emission bands, but they do not provide a basis for a reliable
lanthanide ion to theenterof the sensitizer is approximately 8  diagnostic probe of the symmetry of the complex, as is the case
A. The coordination of the amide carbonyl to the lanthanide for the E¢* spectra
ion positions the bottom phenyl ring of the triphenylene  The time-resolved luminescence spectra show monoexpo-

sensitizer at approximateb A from the lanthanide ion. nential decays with a luminescence lifetime of 0.86 ms for {Eu)
S_en_SItlzed Lanthanide Emissiona. (Eull and (Tb)L. Upon and 1.74 ms for (Td)in methanol (see Table 1). These lifetimes
excitation at 310 nm, the emission spectra of the {Eomplex increase substantially in metharsl-caused by the well-known

in methanol show the typical narrow bands corresponding to sensitivity of the E&" and T+ luminescence toward solvent
the EW*-centeredDo — ’F; transitions (solid line in Figure 2),  hydroxyl groupsit An empirical relationship has been estab-
with the strongest emission located around 615 nm originating lished that estimates the number of coordinated methanol
from the®Dy — ’F; transition. Scanning the excitation wave- molecules if):3233

length while monitoring the intensity of the Euemission at

615 nm shows which transitions from the ground state, directly n=q(l/r, — Ly — Keop) 3

or indirectly, lead to population of the Eu5D, luminescent

state. The resulting excitation spectrum (dashed line in Figure whereq s 2.1 for E¥" and 8.4 for TB", 7y is the luminescence

2) shows a maximum around 300 nm, closely resembles thelifetime of the complex in methandi;, 74 is the luminescence
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SCHEME 12
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2: R=C(O)H -
3: R=C(O)OH =1

4 R=00)C =i

6 7: R = CH,C(O)OtBu
\
(Hy)1: R = CH,C(O)OH -

aReagents and conditions: (i)oNSO;H, NaClO,, CHCl/acetone/water, 3 h, room temperature (80%); (i) SO@flux 4 h (100%); (iii)
benzoyl chloride, BN, CH,Cl,, 12 h, rt (20%); (iv) triphenylene acid chloride,s8t CH,Cl,, 12 h, rt (70%); (v) TFA, 12 h, rt (100%).
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Figure 2. Excitation spectrum (dashed linéen, = 615 nm) and Figure 3. Excitation spectrum (dashed linée, = 545 nm) and
emission spectrumifx = 310 nm) of a 10* M solution of (Eul in emission spectrumifx. = 310 nm) of a 10* M solution of (Tb)L in
methanol. The emission bands correspontDip— ’F; transitions and methanol. The emission bands correspontDp— F; transitions and
were recorded wit a 1 nmemission bandwidth. were recorded wit a 1 nmemission bandwidth. The inset shows a

o ) ) magnification of the emission bands between 625 and 700 nm.
lifetime of the complex in methanal;, andkor is a term to

correct for closely diffusing second-sphere methanol molecules, TABLE 1. Luminescence Lifetimes of (Eu)1 and (Tb)1
which is 0.125 ms! for EB* and 0.03 ms! for Th3".33 The Measured in Methanol-h; (z), Methanol-d; (zq), and

lculati how that imatel thanol lecul DMSO-hg (zr), Number of Coordinated Methanol-h;
calculations show that approximately one methanol molecul€ \;qlecyles f) Determined from Eq 1, and Overall Quantum
is coordinated to the lanthanide ion (see Table 1). The Yield of Sensitized Emission ¢so?

coordination number of Bt and T+ complexes in solution

is usually 934 which implies that all eight donor atoms of the complex ™ (MS) Ta (ms) n Oee
ligand are coordinated to the lanthanide ion. This is in excellent (Ell;)i g'gi g%g i'éi gg 8'23
agreement with the results obtained from the molecular dynam- EEu%l 1.89 nd na =t 0.02
ics studies. (Tb)1 2.20 nd na 0.03

The efficiency of the overall sensitization process was * Excitation at 310 nm. T M solutions. In methanofk. In
established by determining the quantum yield of the sensitized methanoley. 9 In DMSO%' ’ r
emission, which is 0.03 for (E@)and 0.15 for (Th) in ' '
methanol. The emission spectra of these complexes in DMSO-are longer in DMSO than in methanbj- (see Table 1);
hs, a strongly coordinating aprotic solvent, closely resemble the therefore, the sensitization process of the (Eahd (Tbl
spectra in methanol, but surprisingly the overall quantum yields complexes in DMSO must be much less efficient than in
are much lower: 0.02 for (E@)and 0.03 for (Tb). Time- methanol. The sensitization process will be discussed in more
resolved measurements showed that the luminescence lifetimesletail below.



Photophysical Processes in Polydentate Ln Complexes J. Phys. Chem. A, Vol. 104, No. 23, 2008461

1.0 TABLE 2: Luminescence Lifetimes of the Near-IR-Emitting
A (Ln)1 Complexes in DMSOhg (1, = 1/ky) and DMSO-ds (74

= 1/kg), as Well as the Natural Lifetimes ¢o = 1/ko)?
complex 7n(us) kn(sD) Ta(us) ki(SH) To(ms) ko(sH

(Yb)1 94 11x10° 186 054x10° 2.0 500
(Eni 24 42x10F 34 29x10° 14.0 71
(Nd)1 1.4 71x10° 25 4.0x10°F  0.25 4000

aExcitation at 337 nm, 1G M solutions.
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Figure 4. Emission spectra of I8 M solutions of the near-infrared- (Eu)l 0.0054 (Ery 0.0095
emitting complexes (YH) (Nd)1, and (Erl in DMSO-ds upon (Th)1 0.0086 (NdY 0.0095
excitation at 320 nm recorded with a 15 nm emission bandwidth. (Gdn 0.015

10 - a Excitation at 310 nm, 18 M solutions.

The luminescence decay curves obtained from time-resolved
luminescence experiments could be fitted monoexponentially
with time constants in the range of microseconds (see Table
2). The luminescence lifetime of (Yb)in DMSO-hg is the
longest (9.6us), followed by that of (Ef) (2.4 us), and that of
(Nd)1 (1.5 us). The sensitivity of the near-IR luminescent
complexes toward quenching by the-8 vibrations becomes
apparent when the solvent is changed to DM&On DMSO-

o ds the luminescence lifetimes are significantly longer due to

0000 500 7000 100 1200 the fact that the €D vibrations of the coordinated DMS@
wavelength (nm) molecule are less efficient quenchers of the lanthanide excited

Figure 5. Absorption spectrum of a 1® M solution of (Yb)L in state t,han the €H vibrations of a DMSOss molecule.

DMSO (dashed line) and emission spectrum (solid line) of 2 M According to the energy gap l&\the smaller the number of

solution of (Yb)l in DMSO-ds upon laser excitation at 350 nm (Ar  Vibrational quanta that are required to match the energy gap
laser) recorded wit a 6 nmemission bandwidth. between the lowest luminescent state and the highest nonlumi-
nescent state of the lanthanide ion, the more effective the

b. (Nd), (Er)1, and (Yb}). The near-IR-emitting lanthanide  vibronic quenching will be. For the €H vibration with
complexes in DMSQds exhibit the typical line-like lanthanide  vibrational quanta of 2950 cmd, the number of harmonicsi)
emission upon excitation of the triphenylene antenna chro- necessary to match the energy gap is largest for" Yo, =
mophore, as is depicted in Figure 4. Emission bands at 8803—4), followed by EF*" (n, = 2—3), and smallest for Nd" (n,

(not shown), 1060, and 1330 nifFg2 — *loiz, 41172 and®lazp = 1-2). As a consequence, the quenching rate constant by the
transitions, respectively) are observed for (Nd)he strongest  solvent C-H vibrations is higher for (Nd) than for (Yb).. For
emission is observed at 1060 nm, whereas the emissions at 88@omparison, the energy gap of Ewith n, = 6—7) and T§"

and 1330 nm are weaker. The shape of the emission bands andwith n, = 8—9) is much larger than the energy gap of the near-
the relative intensities are in agreement with previously reported IR-emitting lanthanide ions, which renders them far less
spectra of organic Nd complexes in solutiof?1635A single sensitive toward €H quenching. The radiative rate constants
emission band centered at 1540 ring, — *l15/2 transition) is (ko), i.€., the rate of spontaneous emission, ¢fEnd YB in
observed for (EX. No emission was observed from higher these type of complexes in DMSO have been added to Table
excited states, such as green emission at 545 nm corresponding. A typical radiative rate constant of Ridhas also been added
to the4Sz, — 4152 transition, despite the fact that these states to Table 240 Since the observed rate constéris the sum of

are populated via the antenna triplet state. Apparently, the higherthe natural radiative rate constdgtand the nonradiative rate
excited states relax nonradiatively to they, state, from which constantk,ony, it is obvious from Table 2 that for the near-IR-
radiative decay is observed. Upon excitation of (¥k} 310 emitting ionsk is dominated by nonradiative deactivation of
nm, sensitized emission was observed at 980 #(— 2F72 the luminescent state. This competition between nonradiative
transition). A shoulder seems to be present at the lower energyand radiative decay is most dramatic fofErbecause this ion
side of the 980 nm emission band, which is indicative of splitting has a very lowky of 71 s

of the ?F7;, manifold by the ligand field. Using laser excitation, Antenna Fluorescence and PhosphorescencEne first step

an emission spectrum of (Ybyvas obtained (solid line in Figure  of the sensitization pathway is the population of the triphenylene
5) with a higher resolution (6 nm) in which a sharp peak at 977 triplet state §wr*) via its singlet excited statelfzr*). In this

nm (10 235 cm?) is observed with a broad shoulder at 1005 step fluorescence and radiationless deactivation from the tri-
nm (9950 cml). The same sharp peak at 977 nm is observed phenylenéxz* state compete with the spin-forbidden conver-
in the absorption spectrum (dotted line in Figure 5) together sion to the*zz* state. The shapes of the UV absorption spectra
with a broad shoulder at 940 nm (10 600 ¢ which means of the (Ln)L complexes in methanol are similar to that of ligand
that also théFs;, manifold is split by the ligand field. The shapes 7, indicating that the lanthanide ion does not significantly
of the luminescence and absorption spectra are similar to thoseinfluence the energy of the triphenyleher* state. Thelzz*

of the reported spectra of ¥bin both organic and inorganic  state energy of 29 000 crh (345 nm) was determined from
matrixes36.37.38 the 0-0 transition, which is clearly discernible in the absorption
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crossing yield of the chromophore, which results in a reduction
of the fluorescence intensity and a concomitant increase in the
phosphorescence intensity. This effect has been attributed to
an enhanced spirorbit coupling of the system which relaxes
the selection rules for electronic transitions, but also to an
exchange interaction of metal-unpaired electrons with the
n-electrons of the organic chromophore. Tobita and co-wotkers
have studied the influence of different lanthanide ions on the
photophysical properties of the ligand (the antenna) in lan-
thanide-tris(methylsalicylate) and lanthanieéris(benzoyltri-
fluoroacetonato) complexes. They found that the decrease of
the antenna fluorescence intensity depended on the magnetic
properties of the lanthanide ion. The paramagnetié*Gdn

was found to lower the antenna triplet-state lifetime more than
the diamagnetic Lt and L& ions. If these results were solely
caused by spinorbit coupling, then the effect should have
increased with increasing atomic numiZeiSince this was not

the case, an additional exchange mechanism between the metal-
unpaired electrons and the chromophore electrons was proposed.
The exchange leads to mixing of the chromophore singlet state
and triplet state, ultimately resulting in more allowed singlet
triplet and triplet-singlet conversions. Also in the present case
the effect, i.e., the reduction of the antenna fluorescence, does
not increase with increasing which implies that a paramag-
netic exchange mechanism may also be predominant.

In the case of (EUW), which has the lowest antenna fluores-
cence intensity, a photon-induced electron transfer may also play
a role in the deactivation of the singlet excited state. Instead of
radiative decay to the ground state, or intersystem crossing to
the triplet state, an electron is transferred to thé"Han upon
excitation of the antenna into its singlet excited state, resulting
in the transient formation of an antenna radical cation artd.Eu
One of the reasons for the possible occurrence of this competing

at 310 nm, a structured fluorescence band is observed at 375Proces$' is the low reduction potential of Bt in comparison

nm that corresponds to fluorescence of the triphenylene moiety.

Figure 6 shows the fluorescence intensities of the ILn)
complexes relative to the free ligand The fluorescence

with other trivalent lanthanide iorfg.

Intramolecular Energy Transfer Process. a. (Eu)l and
(Tb)l. Since the energy transfer takes place through the

quantum yields are summarized in Table 3. The presence oftriphenylene triplet state, oxygen may compete with the lan-

the lanthanide ion in close proximity of the antenna reduces
the fluorescence intensity, but the effect is not the same for all
the lanthanide ions. The fluorescence quantum yield of ligand
7is 0.019, whereas the fluorescence quantum yields of thé (Ln)
complexes are even lower0.01. The fluorescence quantum
yields are low, which is not surprising, since triphenylene has
an intrinsically high intersystem crossing quantum y&ld.

The luminescence spectrum of (Gdh a methanol/ethanol

glass at 77 K shows strong phosphorescence bands next to ver

weak fluorescence bands. Since3Gdas no energy levels
below 32 000 cm!, G+ cannot accept any energy from the
triphenylene triplet state. Ther* state energy of 22 830 ch

of the triphenylene moiety was determined from theQ0

transition in the phosphorescence spectrum (see Figure 7). ThisD

value is approximately 600 crilower in energy than thérz*
state of unfunctionalized triphenylene (23 400 @jnand is
caused by the electron-withdrawing amide carbonyl at the
2-position.

thanide ion as the acceptor for the excitation energy, and as a
result the triplet state is quenched. In that case less lanthanide
luminescence will be observed. The effect of oxygen on the
sensitized luminescence intensity gives an indication of the
energy-transfer rate, since the competing oxygen quenching rate
is equal to the product of the diffusion-controlled quenching
rate constant and the oxygen concentratiQr[O2]). However,
deoxygenation of the (Et)and (Th)l methanol solutions did

not influence the luminescence intensity, which meanskhat

¥xceeds 105143

The energy-transfer process was further studied by probing
the antenna’s triplet state directly with the aid of transient
absorption spectroscopy. To obtain the tripfiplet absorption
spectra of the complex, samples of (&dh deoxygenated
MSO were excited with 335 nm pulses and the changes in
absorbance resulting from the population of the long-lived triplet
state were monitored. As mentioned before, the (Gd)mplex
enables the study of the photophysical behavior of the antenna
in the presence of a lanthanide ion, but in the absence of energy

Compared to the phosphorescence spectrum of the free ligandransfer. The transient absorption spectrum of (Qdge Figure

7, the antenna phosphorescence bands of XGdye slightly

8) shows features at 360 and 440 nm, which are very similar to

shifted to the red. Furthermore, the decrease of the antennahe transient absorption spectrum of unfunctionalized tri-

fluorescence intensity of (Giljs accompanied by an increased
phosphorescence intensity. Anternal heay atom effectan

be induced by a heavy (paramagnetic) metal ion in close
proximity of a chromophore, and increases the intersystem

phenylene, but slightly broadened. These absorption bands are
due to triplet-triplet absorptions and can therefore be used to
monitor the lifetime of the triplet state, which was 1% in

the (Gd)L complex. This lifetime is the lifetime of the antenna’s
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Figure 9. Kinetics of the transient absorption measurements obtained

by singular value decomposition of the resulting datasets. The pump

wavelength was 340 nm<(L mJ/pulse). The corresponding transient
absorption spectra were similar to the one shown in Figure 8. Top:
(Eu)l in deoxygenated DMSO and methanol. Bottom: (@hbj
deoxygenated DMSO and methanol

triplet state in the absence of energy transfer, yieldirkg af
6.6 x 10* s1.
The transient absorption spectra of the Tband Eud)

J. Phys. Chem. A, Vol. 104, No. 23, 2008463

(Tby1 l

530 535 540 545 550 555

a (Eu)1 l b

600 605 610 615 620 625

intensity (a.u.)

® o/
\

5

8 /

> / /

£ |

§ / \

£ Rl o
900 950 1000 1050 1100 1500 1500 1550 1600

wavelength (nm) wavelength (nm)

Figure 10. (a) Quenching of the 615 nm emission band of‘Ehy
piperylene. (b) Quenching of the 545 nm emission band &f Hy
piperylene. The arrows denote the effect of the increasing piperylene
concentration in methanol. (c) Enhancement of the 980 nm emission
band of Y™ and 1060 nm emission band of Ndupon deaeration.

(d) Enhancement of the 1550 nm emission band of" Expon
deaeration. The arrows denote the effect of deaeration of the DMSO-
ds solutions.

populations of complexes: one in which energy transfer is
absent and which is responsible for the observed long-lived
triplets, and one in which the energy transfer to the lanthanide
ion is relatively fast (responsible for the fast component),
resulting in the sensitized luminescence. This is in line with
the surprisingly low quantum yields of sensitized luminescence
of the complexes in DMSO. According to our transient
absorption measurements the majority of complexes do not
display efficient energy transfer. Changing to methanol as the
solvent, the antenna triplet-state kinetics show the same biex-
ponential behavior as in DMSO, but the contribution of the fast
component has increased to 65%. The corresponding short-lived
triplet lifetime components are 29 and 26 ns for T)kEnd Eud),
respectively. Obviously, the equilibrium between the dark and
the luminescent forms of the complexes has been shifted toward
the luminescent side. Indeed, we already noted that in methanol
the overall luminescence quantum yields are higher than in
DMSO.

To substantiate the proof for the presence of two distinct
forms of complexes in solution, experiments with an external
triplet quencher were performetis-Piperylene has a triplet state
of 20 070 cnrt,2344which is approximately 2800 cm lower
than that of triphenylene. Addition of increasing concentrations
of piperylene to methanol solutions of (Hwgnd (Tb)l quenched
the sensitized lanthanide luminescence upon excitation of the
antenna at 310 nm (see Figure 10a,b). This effect is more
pronounced for TH" than for E&", which may indicate that
the energy-transfer rate to Eus faster. With the SteraVolmer

complexes in the submicrosecond domain show interesting equation 4 the lifetime of the quenched species, i.e., the
details about the energy-transfer process in DMSO and metha-triphenylene triplet state, can be calculated. In edp4s the
nol. In DMSO the same absorption spectra are observed as for

the (Gd)L complex, but the triplet-state kinetics of the antenna

have become biexponential (see Figure 9): besides a “slow”

o/l =1+ kyin77[Q] = 1 + K[Q] (4)

component (76%) having the same rate constant as observed itanthanide luminescence intensity without quenches, the

Gd(1), a second small component (24%) is observed, which
has a much faster decay (26 ns for Ijodnd Eu()). The long

triplet lifetimes would suggest that energy transfer to the
lanthanide ion is extremely slow and an oxygen sensitivity of

lanthanide luminescence intensiky is the diffusion-controlled
guenching rate constanty is the lifetime of the triphenylene
triplet state, [Q] is the concentration of the quencher, Kad
is the product ofkg# and 71, the so-called SteraVolmer

the lanthanide luminescence should have been observedconstant. If the luminescence intensities are plotted against the

However, the intensity of the luminescence of both (Eafd
(Tb)lis not influenced by deoxygenation. We therefore attribute
this behavior to the presence of two distinct (conformational)

guencher concentration, the slope of the fitted data is equal to
the Stera-Volmer constanKs, (see Figure 11). When fdg;s
a value of 18° M1 s1is taken?3 the lifetime of the antenna
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10 o The transient absorption measurements, the piperylene quench-
e (Eu
A (Tb)1

ing experiment, and the luminescence rise time measurements,
all show that the energy-transfer rates in the (Eand (Tb)L
complexes are on the order of L% s~1. The results of these
measurements support the hypothesis that two distinct confor-
mations of the complexes occur in solution: one in which the
energy transfer to the lanthanide ion does not occur and which
is responsible for the long-lived triplet lifetime observed by
transient absorption spectroscopy, and one in which energy
transfer is fast and which is responsible for the short-lived triplet

205 5 Y s 5 10 lifetime. In the nonluminescent isomer the antenna and lan-
[piperylene] (10° M) thanide ion are probably remote or the orientation of the
Figure 11. Stern-Volmer plot of quenching of triphenylene-sensitized  lanthanide ion with respect to the antennplane is unfavorable
Ew* and TB* emission by piperyleneto/l = 1 + KiiTuipled Q] = 1 + for energy transfer to occdp.In methanol there seems to be
Ks[Q]. an equal distribution between the luminescent and nonlumines-

cent conformational isomers of the complexes. This explains
the relatively low luminescence quantum yields that were
measured for (EWQ) and (Tb)Yl in methanol: 0.03 and 0.15,

TABLE 4: Quenching of Sensitized (Ln)1 Luminescence by
Piperylene (pip) or Oxygen (Ox}

complex o (ns) ker (™) relativeker (s*) respectively. On the basis of measured luminescence lifetimes,
(Eud (pip) 11.3 8.0x 10; 100 the ISC vyield of the antenna near unity, and an assumed
E-ll\-l?j))ll ((%')E’)) gé'i 1g§ 187 12 complete energy transfer, the luminescence quantum yields can
(EN1 (0x) 263.0 38¢ 10° 5 be expected to be as high as 0.29 for (Eand 0.44 for (Th).*6
(Yb)1 (ox) 202.2 4.9x 10° 6 As mentioned before, the overall luminescence quantum yields
aTabulated are the triphenylene triplet-state lifetimgg (sing the of these complexes in ,DMSO are even Iowgr, 0.02 for {Eu)
Stern-Volmer equation and the energy-transfer rateg.( and 0.03 for (Th). In this solvent the nonluminescent confor-

] ) ] ~ mational isomer seems to be dominating (according to the
triplet state can be calculated. This resulted in an antenna triplety ansjent absorption measurements), resulting in an overall very
lifetime of 11.3 ns for (EW) and 81.1 ns for (TH). Since the inefficient energy-transfer process. The decrease in the lumi-
antenna triplet lifetime is 15.2s in the absence of energy  ascence quantum yield when the solvent is changed from
transfer ¢r of (Gd)1), the deactivation of the antenna tripletis . ~ihanol to DMSO is less dramatic for (Ethan for (Th)L
dominated by the rate of energy transfer to the lanthanide ion because the significant increase of the GEu)minescen(,:e

(ke. and thus it follows that lifetime partly compensates the inefficiency of the energy-

k= 1lt; (5) transfer process. For the (Eujomplex in methanol and DMSO,
energy may also be lost in the step preceding the energy transfer,
The intramolecular energy-transfer rate in (Eig 8.0 x 10’ i.e., the population of the triplet state. On the basis of the
s71, and 1.0x 10’ s in (Tb)1 (see Table 4). observation that the antenna fluorescence intensity ofl (&)

Another way of studying the energy transfer is to monitor = 0.0054) is lower than the antenna fluorescence intensity of
the early stages of the lanthanide luminescence using a streakTh)1 (¢g, = 0.0086), a photon-induced electron transfer (a
camera and pulsed laser excitation. During the time that the metal-to-ligand charge transfer (MLCT)) may also compete with
energy transfer from the antenna to the lanthanide ion is in the intersystem crossing to the triplet state in the former
progress, the lanthanide luminescence intensity is expected tocomplex. Since, in general, the deactivation of such an MLCT

rise with a rate _equal to the rate of the_ energy transfer. In thesegtate does not result in the population of thé E8D, excited
measurements it was found that the first 200 ns of the detectedstateél a photon-induced electron-transfer process will reduce

luminescence was completely dominated by the antenna fluo-he overall luminescence quantum yidfd.
rescence. Although the fluorescence has a low quantum yield,
it has a very high radiative rate (i.e., the photons emitted per
unit time) compared to the lanthanide luminescence. Therefore,. ) .
on this short time scale, the lanthanide luminescence is relatively'somer of the complexes. From thes_e e_xp(_a_rlments I was
weak compared to the antenna fluorescence. After the antennézonCIUdEd that the energy-t;agffer ra“? is significantly faster in
fluorescence signal had disappeared, no rise in the dimission  the (EUL complex (8.0x 107 s™) than in the (Tb) complex

at 545 nm was observed for (Th)signifying that the energy ~ (1:0 10" s%). However, on the basis of transient absorption
transfer to this ion is complete within 200 ns. This means that Meéasurements the energy-transfer rates were approximately the

ke exceeds 2« 107 s1 (on the basis of 99% energy transfer Same for the (Ed)and (Tb)L complexes (3.8< 10" s°%). The
after 200 ns). explanation for this is that the values obtained from the
The (Eu)l complex exhibited an interesting behavior. After ~Piperylene quenching experiment are lower limits, because it
the disappearance of the antenna fluorescence, it shows emissiowas found that piperylene also quenched the luminescent states
from its °D; state at 530 nm. This state decays with a time Of EW¥* and TI3*, albeit to different extent& Furthermore,
constant of 2.us, being converted nonradiatively into tfi2y the quenching of Th is more efficient, because the triplet state
state that is responsible for the typical®Eemission observed  Of cis-piperylene (20 070 cm) is just below the’D, state of
in steady-state measurements (main emission at 615 nm), andrb®* (20 400 cnml), whereas it is higher in energy than the
radiatively to the’F; manifold. This behavior is known for the  °D1 and®Dy states of E&" (19 000 and 17 500 cm, respec-
sensitized emission of Etiif the donating triplet level is above  tively). As a result, the calculated energy-transfer rate for{Tb)
the ®D; as in the present ca8é.The energy transfer from the as obtained from the quenching experiment has been underes-
antenna to the B ion is faster than 2« 10" s™% timated more than the calculated energy-transfer rate ofL(Eu)

The Stern-Volmer plot of the triplet quenching experiments
only provides information on theiminescentonformational
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transfer. Our photophysical data, i.e., the triphenylene fluores-
cence quantum yield and the oxygen dependence of the
sensitized emission, show that the energy-transfer takes place
via the triplet state. Therefore, the energy transfer mechanism
is most likely an electron-exchange mechanism. The extremely
small spectral overlap of the antenna phosphorescence spectrum
and the YB" absorption spectrum causes the energy transfer
to be slower than, for example, in the (Eupand (Nd}L
complexes. The recently reported sensitized near-infraréd,Nd
Yb3*, and EF" luminescence by energy transfer from the dye
fluorescein was shown to be oxygen sensitEspecially, the
sensitized YB" luminescence was very sensitive to oxygen,

Figure 12. Schematic representation of the photophysical processes indicating not only that the energy-transfer process proceeds

leading to sensitized luminescence of (Eupgether with the rate
constants of the processes.

The photophysical processes and the rate constants il (Eu)
are summarized in Figure 12.

b. (Nd)L, (Er)1, and (Yb}l. The energy-transfer rates were
determined in the near-IR-emitting complexes by measuring the
influence of oxygen on the sensitized luminescence. The
luminescence intensity is enhanced by 35% for Nd)20%
for (Er)1, and 90% for (Yb) upon deoxygenation of the DMSO-
ds solutions (see Figure 10c,d), indicating that, contrary to the
(Eu)l and (TbL complexes, oxygen quenching is competing
with the energy transfer to the lanthanide ion. The Stern

Volmer equation can be used to estimate the antenna triplet-

state lifetimes and the energy-transfer rates from this oxygen
dependence. The diffusion-controlled quenching conat
was taken as 16° M~1s71, and the oxygen concentration in
DMSO was taken as 0.47 mRA.The results are summarized
in Table 4. The energy transfer to ¥oand EB* is significantly
slower than the energy transfer to Nd

Changing the solvent to methandj-would shift the equi-
librium between the dark and luminescent conformational
isomers of the complex toward the luminescent conformational
isomer, as has been shown for (Eand (Tb)L, and would thus
increase the quantum yield of the energy transfeg).(
Unfortunately, the luminescence lifetimes of (NdjYb)1, and
(En1l are significantly lower in methanals: for example, the
lifetimes of (Nd)L and (Er}L in methanold, are 0.89 and 1.16
us, respectively. Thus, changing the solvent from DM&®@e
methanold, will not increase th@verall luminescence quantum
yield (¢sq).

A special case is Y4, since it has only one excited state
(®Fs/2), which is approximately 10 000 crh lower in energy

via the triplet state, but also that it is very slow.

Conclusion

This study has shown that the (Unktomplexes exist in
solution in two conformational isomers: one in which energy
transfer does not take place, and one in which the energy transfer
takes place, resulting in sensitized luminescence. Using quench-
ing experiments to study this luminescent species, it was found
that the energy-transfer process is fast in the {Eand (Tb)L
complexes (no oxygen dependence), whereas it is slower in the
near-IR-emitting complexes (oxygen dependence). The energy-
transfer rates should be improved by direct coordination of the
antenna chromophore to the lanthanide ion, which would reduce
not only the distance between the donor and acceptor, but also
the conformational freedom of the antenna relative to the
lanthanide ion. An improvement of the spectral overlap of the
near-IR-emitting lanthanide ions (especially 3Yp and the
antenna should be achieved by incorporating antenna chro-
mophores with lower lying triplet states. We have shown that
dyes such as fluorescein can sensitiz&"EX¥b3*, and N&*
emission®1®and we are currently investigating the incorporation
of these dyes imm-terphenyl-based ligands.

Experimental Section

General SynthesisMelting points were determined with a
Reichert melting point apparatus and are uncorrected. Mass
spectra were recorded with a Finnigan MAT 90 spectrometer
usingm-NBA (nitrobenzyl alcohol) as a matrix, unless stated
otherwise. IR spectra were obtained using a Biorad 3200 or a
Nicolet 5SXC FT-IR spectrophotometéd NMR and3C NMR
spectra were recorded with a Bruker AC 250 spectrometer in
CDCls using residual solvent peaks as the internal standard,

than the antenna triplet state. It has been argued that the spectralinless stated otherwise. Preparative column chromatography

overlap is therefore negligibf®.On the basis of the fact that,
like EL®T, Yb3" is relatively easily reduced to ¥b,5° an internal
redox mechanism has been proposed for the sensitizé€d Yb

separations were performed on Merck silica gel (particle size
0.040-0.063 mm, 236-400 mesh). CkLCl,, CHCL, and hexane
(mixed isomers) were distilled from CaCand stored over

luminescence that takes place through the singlet state of themolecular sieves (4 A). Ethyl acetate was distilled from K

antenna chromophof@.The driving force—AGger of such a
redox energy transfer can be estimated with the equat®g:T

= E(Triph**/Triph) — Emripn — E(YB3T/YD2T). However, this
mechanism is not operative in our system. In a cyclic voltam-
metry measurement on a reference*Yisomplex! similar to
(Yb)1in DMSO, no reduction was observed up+td.90 V vs
SCE. Since the oxidation potential of triphenylene is 1.55 V vs
SCE?2 E(Triph™/Triph) — E(Yb3t/Yb?") is >3.45 eV, whereas
the energy of the triphenylene singlet excited st&gigy+) is

3.6 eV. Therefore, there is almost no driving force for the
photoinduced redox reaction in our system. Moreover, if the
redox energy-transfer mechanism is operative, then the fluo-
rescence of the triphenylene moiety of (Xlmust be competing
not only with intersystem crossing, but also with the energy

CO; and stored over molecular sieves (4 A). Triethylamine
(EtsN) was distilled in vacuo and stored over KOH. Acetone
and methanol were of analytical grade and were dried over
molecular sieves prior to use (4 and 3 A, respectively). All
reactions were carried out under an argon atmosphere. Standard
workup means that the organic layers were finally washed with
water, dried over magnesium sulfate (MggCfiltered, and
concentrated to dryness in vacuo.

Triphenylene-2-carboxylic Acid 3. To a solution of tri-
phenylene-2-carboxaldehy@€0.60 g, 2.34 mmol) in a mixture
of CHCI; (30 mL) and acetone (90 mL) were subsequently
added a solution of fNSOs;H (0.50 g, 5.16 mmol) in water (1
mL) and a solution of NaCl©(0.50 g, 6.50 mmol) in water (1
mL). The resulting mixture was stirred fa3 h at room
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temperature, after which it was concentrated in vacuo until the Et;N in methanol was added 1.1 equiv of the lanthanide nitrate
product precipitated. The solid was filtered off, washed thor- salt. The resulting solution was stirred for 2 h, after which the
oughly with water, and dried in vacuo. The product was obtained solvent was concentrated to dryness in vacuo. The complex was
as an off-white solid, yield 80%. Mp:>250 °C. 'H NMR redissolved in CHGland washed twice with water, followed
(DMSO-dg): 6 9.29 (s, 1H), 8.948.74 (m, 5H), 8.19 (d, 1H, by standard workup. The complexes were obtained as solids in
J=8.0 Hz), 7.86-7.68 (m, 4H)13C NMR: 168.1, 133.2,130.7,  quantitative yields. The complexes were characterized by FAB

130.2-128.2, 125.5124.2. IR (KBr): 1684 cm! (vcoon). mass spectrometry and IR spectroscopy. FAB-MS data: J{Eu)
Mass spectrum (El):m/z = 272.0 [M*, calcd 272.1]. Anal. m/z=1289.3 [(M+ H)™, calcd 1289.4]; [(Th)] nVz= 1295.2
Calcd. for GgH120,: C, 83.81, H, 4.44. Found: C, 83.87; H, [(M + H)*, calcd 1295.4]; [(Gd)] m/z= 1294.1 [(M+ H)™,
4.46. calcd 1294.4]; [(Er)1jwz = 1304.5 (M+ H)*, calcd 1304.4];
Mono(amide) Terphenyl (6).To a solution of bis(amine [(Yb)1] miz=1310.4 [(M+ H)*, calcd 1310.4]; [(Nd}]: m/z
(2.0 g, 2.11 mmol) and B (0.58 mL, 4.2 mmol) in CKCl, = 1280.3 [(M+ H)™, calcd 1280.4]. The complexes all gave

(200 mL) was slowly added a solution of benzoyl chloride (0.41 Similar IR spectra: a peak at 1638630 cnm! (vnc—o) with a

g, 2.95 mmol) in CHCI, (50 mL). The resulting solution was ~ shoulder around 16661590 cnT™* (vcoo).

stirred overnight at room temperature. Subsequently,GIH Photophysical StudiesSteady-state luminescence measure-
was added (100 mL), and the reaction mixture was washed twicements in the visible region were performed with a Photon
with 5% K,CO;3, followed by standard workup. The crude Technology International (PTI) Alphascan spectrofluorimeter,
product was purified by flash column chromatography (MeOH/ which has a 75 W quartztungster-halogen lamp as the
CH.Cl,, 1:9) to give mono(amided as a colorless oil, yield excitation source and a Hamamatsu R928 photomultiplier. For
30%.1H NMR (CDCl3): 6 7.45-7.20 (m, 5H), 7.26-7.00 (m, steady-state photoluminescence measurements in the near-IR
6H), 4.93-4.69 (m, 2H), 4.16-4.00 (m, 6H), 3.86-3.70 (m, region, the excitation light beam was modulated with a
2H), 3.60-2.85 (m, 16H), 2.36 (s, 3H), 2.31 (s, 6H), 210 mechanical chopper at 40 Hz. The luminescence signal was
1.95 (m, 4H), 1.551.48 (m, 4H), 1.35 (s, 9H), 1.25 (s, 9H), detected with a liquid nitrogen cooled Ge detector, using
1.15 (s, 9H), 0.96-0.75 (m, 6H).13C NMR (CDCk): 6 172.3, standard lock-in techniques. Alternatively, the 351.1/363.8 nm
167.9, 167.1, 151.9, 151.3, 136:526.6, 81.5, 80.9, 70.6, 70.4, lines of an Ar ion pump laser at a power of 60 mW were used
69.6, 68.56, 67.6, 48.4, 46.3, 31.9, 27.9, 21.0, 20.7, 19.3, 13.9.for excitation. The laser beam was modulated with an acous-
Mass spectrum (FAB):m/z = 1053.5 [(M + H)*, calcd for tooptic modulator at a frequency of 40 Hz.

Ce2HgoN2012 1053.6]. Time-resolved luminescence measurements in the visible
Triphenylene-Functionalized Triester (7). A solution of region were performed with an Edinburgh Analytical Instru-
triphenylene-2-carboxylic acid (0.10 g, 0.37 mmol) in SO¢I ments FL900 system. Luminescence lifetime measurements

(20 mL) was refluxed for 4 h. Subsequently, the excess $OCI (Edinburgh Analytical Instruments LP900 system) in the near-
was removed in vacuo. The acid chloridlevas redissolved in IR-region were performed by monitoring the luminescence
CHClI; (5 mL) and added to a solution of mono(amiégp.30 decay after excitation with a 0.5 ns pulse of a LTB MSG 400
g, 0.29 mmol) and BN (0.10 g, 1.0 mmol) in CkCI, (100 nitrogen laser Aexe = 337 nm, pulse energy 20J, 10 Hz
mL). The resulting solution was stirred overnight at room repetition rate). Decay signals were recorded using a liquid
temperature. Subsequently @&, was added (100 mL) and  nitrogen cooled Ge detector with a time resolution of 0s3
the reaction mixture was washed twice lwit N HCI, followed The signals were averaged using a digitizing Tektronix oscil-
by standard workup. The crude product was purified by flash loscope. All decay curves were analyzed by deconvolution of
column chromatography (ethyl acetate/hexane, 2:3) to give the measured detector response and fitting with monoexponential
as a white solid, yield 60%. Mp: 6163 °C. 'H NMR functions.
(CDCh): 6 8.86-8.60 (m, 6H), 8,29 (d, 1H] = 8.0 Hz), 7.80- The quantum yield of the triphenylene fluorescence and the
6.90 (m, 15H), 5.15 (s, 2H), 5.03 (s, 2H), 4.93 (s, 2H), 4.77 (S, quantum yield of the overall sensitized lanthanide emission were
2H), 4.25-3.04 (m, 18H), 2.46-1.80 (m, 17H), 1.68:0.80 (m, determined relative to a reference solution of quinine sulfate in
37H).*C NMR (CDCk): 6 172.3,167.9, 167.1, 151.9, 1561.3, 1 M H,SQ, (¢ = 0.546), and correctected for the refractive
136.5-123.4, 81.5, 80.9, 70.6, 70.4, 69.6, 68.56, 67.6, 48.4, index of the solvent3 The absorbance of the solutions was 0.1
46.3, 31.9, 27.9, 21.0, 20.7, 19.3, 13.9. Mass spectrum (FAB): at the excitation wavelength (310 nm). The solvents were of
m'z = 1330.3 [(M + Na)*, calcd 1329.7]. Anal. Calcd. for  spectroscopic grade. Deaeration of the samples was performed
CeiHogN2013: C, 74.40; H, 7.55; N, 2.14. Found: C, 74.15;H, by purging the solutions thoroughly with Ar(g) for20 min.
7.48; N, 2.20. Transient Absorption Spectroscopy.The 340 nm pump
Triphenylene-Functionalized Triacid (H3)1. A solution of light was delivered by a frequency-doubled tunable optical
triester7 (0.20 g, 0.18 mmol) in TFA (15 mL) was stirred  parametric oscillator system (Coherent Infinity XPO). The width
overnight at room temperature. Subsequently, toluene (15 mL) of the pu|se was approximate|y 2 ns (fwhm), and its energy
was added, and the TFA/toluene mixture was azeotropically was less than 1 mJ/pulse. For recording the transient absorption
evaporated. The residue was taken up inChi(100 mL) and  spectra at a definite time after the laser pulse, the probe light
washed twice wh 1 N HCI, followed by standard workup. The  from a flashlamp (EG&G FX504, 2.5s pulse width) went via
triacid (Hz)1 was obtained as a white solid in quantitative yield. the sample through a spectrograph (Acton SpectraPro 150) to a
Mp: 102-104°C.*'H NMR (MeOD-d,): ¢ 8.80-8.10 (m, 7H), gated intensified charge-coupled device camera (Princeton
7.70-6.80 (m, 15H), 5.164.60 (m, 4H), 4.26:4.90 (m, 18H),  |nstruments ICC-576-G/RB-EM). This system was also used
2.35-2.15 (m, 9H), 2.160.70 (m, 18H). Mass spectrum tg obtain kinetic data in the microsecond domain by recording
(FAB): m/iz=1161.4 [(M+ Na)", calcd 1161.5]. Anal. Calcd 3 set of transient spectra at increasing time intervals. Alterna-
for CeoH7aN2013°H20: C, 71.61; H, 6.62; N, 2.42. Found: C, tjvely, the flashlamp was used in combination with the streak
71.39; H, 6.50; N, 2.40. camera system (Hamamatsu) as the detector to simultaneously
General Procedure for the Preparation of the Complexes. probe the wavelength and time dependence of the transient
To a solution of 1.0 equiv of triacid (Bl and 4.0 equiv of signals in the submicrosecond domain. The streak images
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containing the transient absorbance data were subjected to (17) Heller, A.J. Am. Chem. S0d.967, 89, 167.

principal component analysis by means of singular value
decomposition. All the datasets contained only one significant
component. This component was used in the reconstruction of

(18) Iwamuro, M.; Hasegawa, Y.; Wada, Y.; Murakoshi, K.; Kitamura,
T.; Nakashima, N.; Yamanaka, T.; Yanagida,Chem. Lett1997 1067.

(19) Desurvire, EPhys. Todayl994 97, 20.

(20) Oshishi, Y.; Kanamori, T.; Kitagawa, T.; Takashashi, S.; Snitzer,

the transient absorption spectrum of this single component in E.; Sigel Jr., G. HOpt. Lett.1991, 16, 1747.

the top of the excitation pulse and its kinetics.
Electrochemical Measurements.Cyclic voltammetry was
performed in a three-electrode cell containing a platinum

(21) An, D.; Yue, Z.; Chen, R. TAppl. Phys. Lett1998,72, 2806.

(22) Steemers, F. J.; Verboom, W.; Reinhoudt, D. N.; van der Tol, E.
B.; Verhoeven, J. WJ. Am. Chem. S0d.995 117, 9408.

(23) Murov, S. L.; Carmichael, |.; Hug, G. Handbook of Photochem-

working electrode, a platinum counter electrode, and a Ag/AgCI istry, 2nd ed.; Marcel Dekker Inc.. New York, 1993.

reference electrode, with an Autolab PGSTAT10 (ECO-
CHEMIE, Utrecht, The Netherlands). The ferrocene/ferricinium
redox couple was used as an internal standatd<0.44 V vs

SCE in DMSO)* The solvent DMSO was of spectroscopic

grade and was deoxygenated by being purged with nitrogen.

The ground electrolyte was BNPF; (0.1 M). The measure-

ments were performed in a glovebox under a nitrogen atmo-

(24) Klink, S. I.; Hebbink, G. A.; Grave, L.; Peters, F. G. A.; Van
Veggel, F. C. J. M.; Reinhoudt, D. N.; Hofstraat, J. Bar. J. Org. Chem.
in press.

(25) Klink,S. I.; Hebbink, G. A.; Grave, L.; van Veggel, F. C. J. M;
Reinhoudt, D. N.; Slooff, L. H.; Polman, A.; Hofstraat, J. WAppl. Phys.
1999 86, 1181.

(26) Jorgenson, W. L.; Briggs, J. N\Mol. Phys.1988 63, 547.

(27) van Veggel, F. J. C. M.; Reinhoudt, D. Recl. Trar. Chim. Pays-
Bas1995 114, 387. The Lennard-Jones parameters for th& lions were

sphere. The cyclic voltammograms were recorded at a scan ratgaken from: van Veggel, F. C. J. M.; Reinhoudt, D.Ghem. Eur. J1999

of 100 mV/s.
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