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The photophysical properties of the triple-stranded dimetallic helicategl{Er2H);]-H,O (Ln = Nd, Sm,

Dy, Yb) are determined in water and® solutions, and energy transfer processes are modeled ftr Bme
luminescence of Nti, Sm", and YB'" is sensitized by (E—2H)?, but the energy transfer from the ligand to

the Ln" ions is not complete, resulting in residual ligand emission. The luminescence of thbelidate is

very weak due to nonradiative de-excitation processes. On the other hand,"tte¥ 1S helicates exhibit

fair quantum yields, 1.8% and 1.1% in deuterated water, respectively. The energy transfer rates between
(LC—2H)>~ and Sn' levels are calculated by direct and exchange Coulomb interaction models. This theoretical
modeling coupled to numerical solutions of the rate equations leads to an estimate of the emission quantum
yields in HO and DO, which compares favorably with experimental data. The main component of the ligand-
to-metal energy transfer (97.5%) goes throughra* — 5Gs,1 path, and the operative mechanism is of the
exchange type. For the Ybhelicate, minor effects of oxygen on the sensitization of''Yand nanosecond
time-resolved spectroscopy point to the energy transfer mechanism being consistent with a recently proposed
pathway involving fast electron transfer and'Yblo up-conversion process could be identified. Ligand-field
splitting of the?Fs, (3Ey2 + Esp) and?F7, (2B, + Esp) levels of YB' is consistent wittD; symmetry.

I. Introduction CHART 1

Luminescent lanthanide-containing compounds present unique
spectroscopic properties, such as long luminescent lifetimes and L ‘ O N J
line-like emission of the metal ions. These features are presently \ =N N=
used in the design of structutadnd analytical luminescent
probes, labels for proteins and nucleic acidsnd of light- 7 N NN
emitting sensors for hetefband homogeneoB$luoroimmu- = o o =
noassays. The development of Ln-containing responsive systems OH Lc OH

for biomedical analyses has long focused or'Eand TB'
probes, as is the work aimed at engineering organic electrolu-
minescent devices for light emitting diodeslowever, the need
for multiple fluoroimmunoassays is now prompting the use of
the luminescence of other I'nions, for instance, Sth and
Dy"',” while probing chiro-optical effects is leading to pioneer
work with Ln'" ions emitting in the NIR, e.g., Yb89The latter
interest is further amplified by the development of organic
lanthanide complexes for polymer-based optical amplifiers
operating at 1.3 and 1,4m.10

We have recently synthesized a series of lanthanide dimetallic
helicates [La(L®—2H);]-nH,O obtained by self-assembly pro-

cess in water from ligand%.and lanthanide salts, wheré+
bis{ 1-ethyl-2-[(8-carboxy)pyridin-2-yl]benzimidazol-5-y} -
methane (see Chart ) These molecular edifices represent a
new class of highly stable carboxylates soluble in water, which
is a mandatory characteristic for bioanalytical applications. In
these triple-stranded helicates, the metal ion is well protected
from solvent interaction and despite its lack of an efficient
chromophoric substituent, &=2H)>~ sensitizes the Bl lu-
minescence reasonably wéll.

Since these helicates are stable and water-insensitive, we now
examine the ability of (E—2H)?~ to sensitize other L ions
(Ln = Nd, Sm, Dy, and Yb) in aqueous solutions and in the
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better understanding of the crucial features needed and facilitateNd: YAG laser (Continuum Powerlite 7030, 30 Hz repetition
the choice of a convenient synthetic strategy. Such modeling rate, wavelength 355 nm, pulse width at half-height 7 ns). The

has been proposed for EEicomplexes? and we have recently

pulse energy was typically restricted to less than 5 mJ to prevent

used this procedure to understand the luminescence quenchingapid degradation of the sample. The emission from the solution

in a triple helical monometallic Bti complex with a ligand
derived from bis(benzimidazole)pyridine (£YWe now extend
this modus operandi to Stnand present, for the first time,

was collected at right angle to the excitation beam by pl@no-
convex lens, passed through various optical elements, ra
grating monochromator (Oriel model 77250) and was finally

calculations of energy transfer rates and emission quantum yieldsdetected by a fast red-sensitive photomultiplier tube (Hamamatsu

for this ion. The mechanism of Yb sensitization is also
discussed on the basis of time-resolved spectroscopy.

Il. Experimental Part and Methods

Syntheses.Ligand L¢ was synthesized as previously de-
scribed!! Solutions of the helicates were prepared as follows.
A solution of L® (6 mg, 0.010 mmol) in 4 mL of freshly bi-
distilled water or DO (99.99%, from ARMAR) was stirred at
295 K for 30 min; NaOH (from Merck) or NaOD (40% inJD,

Fluka) was added dropwise, and the mixture was stirred at 295

K for 30 min. A solution of 0.007 mmol of Ln(Cl¢)-nH,O

(Ln Sm, Yb, Dy, and Nd;n = 8.8, 6.34, 7, and 4.98,
respectively) in 2 mL of water or fD was added dropwise,
and the mixture was stirredf@ h at 295 K. Thesolvents used

R928), only three dynodes of which were employed. Light
scattered by the sample and the cell walls was blocked before
the monochromator by a 400 nm cutoff filtek 1 GHz band-
pass digital signal analyzer (Tektronix DSA 602A) was em-
ployed to record the time course of the laser-induced emission.
Satisfactory signal-to-noise ratios were typically obtained by
averaging over several hundreds laser shots.

The quantum yields were calculated using the following
equation:

QIQ=IALYALIN AN AN MDD

in which subscript r stands for the reference and x for the
samplesA is the absorbance at the excitation wavelenpth,

to prepare these solutions were thoroughly degassed. Thethe intensity of the excitation light at the same wavelength,

perchlorate salts Ln(Cl§s-nH,O were prepared from corre-
sponding oxides (Rhwe-Poulenc, 99.99%) in the usual w&y.

is the refractive indexr(= 1.328, in DO, andn = 1.333, in
H,0), andD is the measured integrated luminescence intensity.

(Caution! Perchlorate salts combined with organic ligands are Emission band areas were corrected, when needed, for the
potentially explosive and should be handled in small quantities Raman and Rayleigh diffusion bands, by subtracting the
and with adequate precautiols. The pH and pD of the spectrum of the solvent alone. Concentrations and excitation
solutions were adjusted with NaOH and NaOD, respectively, wavelengths of the reference and sample were chosen to
and were measured with a Metrohm 6.3013.210 glass electrodegenerate an absorbanee0.05, for which a linear relationship
The final pH was corrected for a deuterium isotope effect by between the intensity of the emitted light and the concentration
using the equation pB= pH + 0.4 of the absorbing species is foutftDegassed solvents were used
Physicochemical MeasurementsUV/vis spectra were re-  to avoid a possible quenching of the ligand triplet state by
corded at 22C on a Perkin-Elmer Lambda 900 spectrometer oxygen. The standards used to determine the quantum yield of
with the help of quartz cells of 1 and 0.1 cm path length. the S helicate were quinine sulfate in 0.5 Mp8IO; (n =
Excitation and emission spectra of the ligand and of itd"'Sm  1.338,Qaps= 0.5469), cresyl violet 1.4x 10~ M in MeOH (n
complex were recorded on a Perkin-Elmer LS-50B spectrometer = 1.329,Qaps= 0.549), and [Ru(bipy}]?* 6 x 107> M in water
equipped for both room- and low-temperature measurements.(n = 1.333, Qas= 0.0421), where bipy stands for 22
The luminescence spectra of the'Ndnd Yd" helicates were bipyridine. These standards possess an absorbance in the UV
recorded with a Fluorolog-3 (TRIAXSERIES 320) spectrometer region similar to that of the Sthhelicate, and the last two ones
from Spex Industries. Luminescence and excitation spectra areexhibit emission in the same wavelength range thard'Sm
corrected for the instrumental function. Lifetimes are averages Ligand-centered luminescence was measured relative to quinine
of at least five independent determinations. sulfate in 0.5 M HSO,. The [Yb(TTA)] complex, TTA =
Continuous-wave luminescence and excitation measurementghenoyltrifluoroacetonate, was used as reference to determine
for the YH' helicate were performed by using a Ti:sapphire the quantum yield of the metal-centered luminescence in{Yb
laser (Spectra Physics 3900S), pumped by an argon-ion laseL°—2H)s]. The [Yb(TTA)s] complex was synthesized accord-
(Spectra Physics 2060-10 SA) in all-ines mode. Wavelength ing to the published methc@.The emission quantum yield of
control was achieved by an inchworm-driven (Burleigh PZ-501) this complex in toluene solutiom(= 1.4964) was taken as
birefringent filter, and the wavelength was monitored with a Qabs= 0.35%3
Burleigh WA2100 wavemeter. The sample luminescence was Theoretical Models Used*?* As previously shown, the
dispersed by a 0.85 m double monochromator (Spex 1402) usingvarious contributions to the ligand-to-rare earth ion energy
500 nm blazed 1200 grooves/mm gratings and detected by atransfer rate8Ver may be described by the following expressions
cooled photomultiplier (Hamamatsu 3310-01) and a photon- 1—3:%°
counting system (Stanford Research SR400). All the spectra

were corrected for the sensitivity of the monochromator and 2 eZSL
detection system and for the refractive index of air (vacuum TP = _—FZ“WJ”UWHNQ’ (1a)
correction). They are represented as number of photons per h 22+ 1)G

second versus wavenumbers. The excitation spectra were
corrected for the wavelength dependence of the output powerdescribes the contribution of the dipolé{2ole mechanism/(
of the Ti:sapphire laser. = 2, 4, and 6), with

The YB'" lifetimes were measured both on the high-resolution
instrument described earléand on a pulsed instrument. Pulsed &
laser excitation was applied to a sample solution, contained in y,=@A+1)
a 1 cm quartz cell, using a frequency-tripled Q-switched

J 3/1CP)I33(1 — ;)

(R(L/Hz))z (1b)
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TABLE 1: Values of the Matrix Elements Used in the Analysis of the Energy Transfer Process in the Sth Helicate

1=2 r=4 1=6
[Hsizl U] *Hoo 2 0.0001 0.0002 0.0006 [Hs/2l | S“GLAC= 0.78
(Hs/al | U *Haa232 0.0 0.0 0.0002 [OHs2||SI[“GE) = 0.12
[8Hol| U7 ‘G2 0.0001 0.0009 0.0013 Hepl|L + 25 G 1.08
[8Hs/2] U2 [*lg232 0.0022 0.0005 0.0014

w0 2.73x 107 cm?

1.77x 1033 cmt

2.31x 10 %%cnf

aMatrix elements ofU* for Smi'(aq) obtained from ref 312 Obtained by using the wave functions of %rin SmOCI.

where[f*[Jis the radial expectation value of for 4f electrons,
C* is a Racah tensor operator, and

F= ﬁ\/? exp{—(}%)2 In 2]

where AE is the energy difference between the ligand donor
level and the lanthanide ion acceptor level ahd, is the
bandwidth at half-height of the ligand state

on €9
W=t
h 23+ 1)GR

(1c)

FZQE"@’J’HUWHaﬁ 2)

corresponds to the dipotalipole mechanismiA(= 2, 4, and
6), and

- 81 82(1 — 00)2

=— Flord(1Sodd x
S I+ )R

> Il Zﬂz(k)%(k)WD]z ®)

represents the exchange mechanism. In the above equations,
is the total angular momentum quantum number of the rare-
earth ion anda specifies a 4f spectroscopic ter®. is the
degeneracy of the ligand initial state, &ds the electric dipole
strength associated with the transitipn— ¢’ in the ligand.
The quantitied]] ||Jare reduced matrix elements of the unit
tensor operator&)® 26 and R is the distance from the rare-
earth ion nucleus to the region of the ligand molecule in which
the ligand donor (or acceptor) state is localizéth eq 3,Sis

the total spin operator of the rare-earth igpjs thezcomponent

of the electric dipole operatos, (m = 0, 1) is a spherical
component of the spin operator for the ligand electrons,and

is a distance-dependent screening faétor.

The matrix element8p| Y wuz(K)sn(K)|¢' Owere calculated from
the molecular orbital wave functions given by the Sparkle
model2?3% which optimizes the coordination geometry and
electronic structure of the organic part of the complex. The
quantitiesy; andF were previously described.The selection

where the indices andj indicate the energy levels involved in
the energy transfer process. Tkeor k; symbols correspond

to the decay rate constants betweesndj or j andi levels,
respectively, andN is the total number of levels involved. In
the steady-state regime, alf;ttt are equal to zero, and the set
of algebraic equations can be solved analytically in terms of
the transition and transfer rates. In the present case, the rate
equations were solved numerically by using fourth-order
Runge-Kutta method with an adaptive integration sééfhis

set of coupled differential equations belongs to the initial value
category, where the populationg)(att = 0 are set equal to 1

for the ground state population and to zero for the other states.
The total time of propagation was around 0.01 s, and the initial
step size was equal to the inverse of the largest transfer rate
constant (approximately 18s). The numerical solutions of the
rate equations yield the time dependence of the energy level
populations, which reach the steady-state regime aftet t
105 s.

Modeling Energy Transfer Processes in the SHh Helicate.

We have applied the above theory for the first time to analyze
the energy transfer processes in a'Scompound. The required
parameters are listed in Table 1.

The criteria used to determine which of the "Srexcited
levels could be potentially involved in the ligand-to-metal
transfer processes were the following:

1. The energy differenceSE(tra* — STUIy) or AEGan* —
(25F1T;) have been set tAE < AA, /2, to allow for a sufficient
spectral overlap integral (Fster’s theory)AA, /2 is around 2200
and 2100 cm! for the emission bands correspondingttor*
and3z* states, respectively. According to this criterion, '$m
levels$'t with energy in the ranges 281632500 and 16500
20700 cn1! only show appropriate resonance conditions and
were taken into consideration.

2. In the case of Sk, the selection rules derived for multipolar
(AJ = 2, 4, 6) and exchangé\( = 0, +1) mechanisms further
restrict the number of levels to 6 and 8, respectively.

3. For multipolar mechanisms, only four levels have significant
matrix elementsU®: 4gp, Hgp, *Hizp, and *Ggpp. For the
exchange mechanism, only two levels have a reduced matrix
elementd’J||S o= 0: 4Gs Y (ca. 17900 cml) and*Gs?

(ca. 30230 cm?).

rules that can be derived from the above equations are the

following: J+J = 1 = |J — J| for the mechanisms expressed
by egs 1 and 2, andJ = 0, & 1 for the exchange mechanism;
in both cases, transitions with = J = 0 are excluded. The
selection rules for the ligand levels involved can be derived
from the electric dipole strengt§ and the matrix element of
the coupled operators; andsy, in eq 3.

The normalized populations of the electronic levejs,are
described by

dr; N N
E = _JZ'kij??i + ]Z kji’?j (4)

j=i j=i

[ll. Photophysical Properties

Ligand-Centered Properties. Ligand L€ is stable in HO
and DO solutions and displays three main absorption bands
around 48000, 40000, and 32460 ¢imwhich are almost pH
insensitive in the range-712. The emission of the singlet state
occurs around 25000 crhupon excitation at 38500 cr and
the lifetime () of this emission is 8 ns (Table 2). The quantum
yield of uncoordinated £, measured at pH or pD 7.5 and under
excitation atvex = 29400 cnT! (Table 2) is 2.4 times larger in
D,0 (12%) compared to D (5%), supporting the explanation
put forward previously that strong water interaction with the
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TABLE 2: Absolute Quantum Yields (Qaps &= 20%) of the Metal-Centered Luminescence in the St and Yb"' Helicates, of the
Ligand-Centered Luminescence for Free and Complexed &—2H)?~ in the Dy", Sm'", and Yb'"" Helicates, and Lifetimes ¢) of

Sm', Yb"', and L€, in Solution at 295 K

compound solvent c/M Pexdem? Q"apd% Q-and% tlusP
[SMy(Le—2H)g] D0 3.1x 1078 27550 1.1 0.11 1881
H,0 4.0x 10°° 27550 0.14 0.03 42804
[Yba(Le—2H)q] D0 5.1x 1078 32250 1.8 0.20 4a2
[Dya(LS—2H)y] D0 2.0x 1076 26700 - 0.18 -
H-0 1.1x 10 27000 -- 0.08 --
Le D,O 8.8x 1077 29410 - 12 0.008t 0.0006
H-0 8.0x 1077 29410 -- 5.0 --

a At pH or pD 7.5.° Obtained monitoring the SHs, — ®Hy) transition, thelzz* ligand emission, and the YBfs;, — 2F,) transition.c As

compared to 5.5% reported in ref 11.
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Figure 1. Emission spectrum of the [Sih¢—2H)3] in D,O upon
excitation at 27250 cri, at 295 K and pD= 7.5.

carboxylic groups contributes to luminescence quenching in
H,O.11

Upon formation of the [Le(L®—2H)3] helicates, the lower-
energyr — sr* transition of the [L°>—2H]?~ moieties undergoes
a red shift of 2400 cm® with the appearance of a shoulder on
its high-energy side, while the absorption band of the higher
energy transition occurs around 50000 émWeak ligand-

very similar values with averages of 1.1% in@and 0.14%

in H,O (6 determinations). In summary, and roughly speaking,
complexation of the Sthion results in more than 99% of the
energy of the excited ligand state being transferred onto the
metal ion; on the other hand, only a very small part is emitted
in a radiative way by Sth.

It is noteworthy that the quantum yields determined can be
considered as being relatively large for a 'Swontaining
compound: the energy gap between the lowest sublevel of
5Gs/AY and the highest sublevel of tH& multiplet, F;1, is
known to be around 7400 cmy which favors nonradiative
deexcitation processes, especially in compounds with organic
ligands possessing several vibrations of relatively high energy.
As a comparison, a quantum yield of 0.20% in water has been
reported for the Sthcomplex with a pyrazole-containing ligand,
N,N,N',N'-{ 2,6-bis[3-(aminomethyl)pyrazol-1-yl|pyraziftetrakis-
(acetic acid), E32 which displays good chromophoric and
energy transfer properties, while a quantum yield of 2% has
been reported for an especially well protected micellar system
suitable for fluoroimmunoassays and containing 1,1,1-trifluoro-
4-(2-naphthyl)-butane-2,4-dione, trioctylphosphine oxide and
Triton X-1004

The lifetime of the*G{) level increases from 42 to 186 in
going from HO to D,O. Using Kimura's equatiof® we
calculate that essentially no water is bound into the first

centered luminescence is seen for all the helicates, centeredcoordination sphere, in line with previous observations for the

around 24000 cm' and with a quantum yield about 2 orders
of magnitude smaller compared to that of the free ligand. For
Nd"', Smi", and YB'", metal-centered luminescence occurs as
well; it is extremely weak for Nl but is not observed at all
for Dy'". Given that the triplet state emission from the ligand
at 77 K is also much weaker in the Myhelicate than in the

Eu' and TB' helicates:! Therefore, the large effect of @
on the radiative rate constant is due to second-sphere interac-
tions. The lifetime of 18Qus in D,O is long, compared with

4Gé1,; lifetimes reported previously: 79-96s in several sys-

tems used for fluoroimmunoassays and containifiigdiketo-
nate, Triton X-100 and ¥ as co-luminescence enhancement

free ligand while no metal-centered luminescence is seen, weion,3* 86 us for Sn! chelated by 2-naphthoyiltrifluoroacetone
conclude that energy transfer does occur from the ligand to thein benzen#, and 30us for the complex with ligand 132

Dy ion, but that the energy is then dissipated through
nonradiative processes. A similar explanation is valid for the
Nd"" helicate. These two compounds were not further investi-
gated in view of their poor luminescent properties.
Metal-Centered Photophysical Properties.The emission
spectrum of the Sth helicate is reported in Figure 1. It displays
four main bands at 17762, 16584, 15361, and 14205%cm
corresponding to th&Gs;, — SHs)o, 4Gsjo — BH7j2, *Gs2 — SHopo,
and“Gs, — SHj1, transitions, respectively, in addition to the
weak fluorescence band from the ligand at 23810 trithe

A relatively intense metal-centered NIR emission is observed
for the YB" helicate in BO upon excitation at 32258 crhi
while it is extremely weak in kD, which prevented us to
measure the corresponding lifetime. The spectrum is depicted
in Figure 2. It displays a band centered at ca. 10000amith
four main components at 10493 {2), 10224 (0-0), 10091
(0'—2), and 9852 (8-3) cni%, assigned to théFs, — 2F7),
transitions. They arise from th; splitting of the emitting and/
or fundamental state, as a consequence of ligand field effects.
The line at 10224 cmt corresponds to the lowest component

ratio of the emission intensities as measured by the band areaspf 2Fs,, since at this wavelength the excitation and emission

[ (*Gs/z—°H3)/I ((z*) amounts to 2.3 in RO. The quantum yield
of the lzz* emission in [Sm(L®—2H);] is 110 (D,O) and 170
(H20) times smaller compared to uncoordinate@R2H)?~.

lines overlap. Excitation spectrum in the infrared region of the
Yb'"" helicate, recorded by monitoring the emission from''Yb
at 10200 cm?, presents three very weak bands centered at

On the other hand, we have determined the quantum yield of 10500, 10800, and 11110 ci(right side of Figure 2, see
the metal-centered luminescence at pH 7.5, under excitation atscale). Only the first one is of electronic nature, the latter two

27550 cnl. Three different standards were used, leading to

being of vibronic origin. The total ligand-field splitting amounts
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Figure 2. Spectra of [YB(L®—2H);] in D,0. Left: emission spectrum ) ) o )

at 295 K and pD= 7.5 upon excitation at 32258 crn Right: excitation Figure 4. Schematic and partial diagram of the main energy transfer
spectrum obtained by analyzing the infrared emission at 10200,cm  Processes in [SgL°—2H)]. The solid and dashed arrows represent
at 15 K and pD= 7.5. The level numbering refers to the emission radiative and nonradiative processes, respectively. Key: F, fluorescence;
spectrum. P, Phosphorescence; isc, intersystem crossihgphoton flux; AA.,

see eq 1b.

E/cm!
triphenylene chromophoteand 6.2us in D,O for a complex
with a chiral macrocyclic tetra-amid@As a result, the quantum
yield of the metal-centered luminescence amounts to 1.8%)D
7 upon ligand excitation which, again is fairly large compared
with the values reported in the literature for other b
complexes, e.g., 0.45% for the complex with fluorexon HOF
or 0.5% for a terphenyl-based complex in DM%0.

The metal-centered emission quantum yields for thé' Qimd
Yb"' helicates are large, compared to literature data, despite
their absolute low values. Usually the nonradiative de-excitation
Figure 3. Ligand-field sublevels of YB in [Yby(L°—2H)], as of the metal-ion emitter level is related to the energy gap
determined from emission and excitation spectra at 295 and 15 K, petween the lowest luminescent excite state and the highest
respectively. Level '[?Fs;») has not been formally identified. sublevel of the ground multiplet. These gaps amount 700
cm1 for the 4Gs;» — 6F11)2 transition of S and to~10200
cm™! for the 2Fs, — 2F; transition of YB'.42 Therefore,
overtones and/or combinations of high-energy vibrational modes,
such as &H and G=0 oscillators, are in principle able to match
these gaps, resulting in efficient quenching of the luminescent
states. Such quenching mechanisms appear however to be not
very efficient in the studied helicates given that the lifetimes,
which are among the largest reported for''5#%13> and Y@'
compounds, are quite longer in,® compared to bD. This
can be traced back to the rigidity of the coordination environ-
ment in these molecular dimetallic edifices.

10 000 +

w

2
F712

0+ 372 cm™!

o=N

to 269 and 372 cmt for the 2Fs;, and?F; levels, respectively
(Figure 3). Analyzing these splittings in terms of group theory
allowed us to assess the site symmetry of thé' Yans, which
is consistent wittD3. Determination of the irreducible repre-
sentations of the angular momentum operdtorthis symmetry
leads to four sublevels (3 + Egy) for 2F, and three sublevels
(2Ey2 + Egzp) for 2Fgp,. This is in agreement with the number
of experimentally determined sublevels, with paramagnetic
NMR measurements indicating that the helicates retain time-
averageds; symmetry along the entire I'hseries3® and with
the X-ray crystal structure of the Ybhelicate!! Up-conversion
processes have been evidenced in Yb dimers in nonmolecular,
ionic lattices3’ To investigate whether such a process takes place
in the YB' helicate, we have recorded its emission spectrum We have attempted to rationalize the quantitative data
upon direct metal excitation in the infrared region,vat. = described above for Sthand YB" by an adequate modeling.
10753 cn1?, but no visible emission was observed. A definitive The diagram sketched in Figure 4 shows the energy transfer
conclusion cannot, however, be drawn from this experiment: processes taken into consideration for the sensitization of the
in ionic systems, the photon ratio between visible and NIR Sm" compound. This model is based on the observed photo-
emission is around 16,37 and if it does exist, we expect aless physical properties of this helicate and allows ligand-to-metal
efficient up-conversion process in the dimetallic helicate in view energy transfers to occur through either the singlet or triplet
of the large YB'—Yb'"' separation (9.49.3 AlY) so that an state. The initial excitation takes place through UV absorption
extremely faint signal would be expected. On the other hand, by the lower energy singlet state of the“d2H)>~ moieties.
direct metal excitation leads to a very weak "bentered The second singlet state, around 50 000 €ifTable 3), was
emission, compared with ligand excitation, in line with the very not taken into consideration, since experimental quantum yield
weak excitation spectrum shown on Figure 2. This points to an were determined upon excitation around 28000 tnThe
appreciable sensitization of the ¥toy the ligand, as shown  singlet state is then deactivated by three main paths: (i) decay
by the following data. to the ground state (radiative and nonradiative), (ii) intersystem
The lifetime of the Yb{Fs)y) state is long in BO, 40us (Table crossing to the triplet state, followed either by transfer onto the
2) compared to solution data reported previously, e.g., #8.6  metal ion or by decay to the ground state, and (iii) energy
in DMSO—ds for a mterphenyl-based complex bearing a transfer to high energy level(s) of the lanthanide ion. The second

IV. Modeling of the Energy Transfer Processes
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TABLE 3: Experimental Transition Energies (cm~1) from TABLE 4: Calculated Energy Transfer Rates (s 1) for
and to the Singlet and Triplet States of [Lry(L¢—2H)3] [Smy(Le—2H)4]
triplet staté singlet state E(LC state)/ E(4f state) / transfer rate back-transfer rate
Lnh = Gd Ln=Sm Lh=Yb e cm* Werls™ Werl/s*

16560 28490 sh 28460 sh ‘mr* (18620) — +G()(17900) 8.4 x 10° 2.72x 10°
17950 30300 30380 Sz* (18 620) — “4192(20500)  4.67x 10° 601
19340 34600 sh 34550 sh Lra* (30 300) — “Hog2(29000)  6.0x 10° 1.23x 10°
20660 40065 sh 40000 sh Ir* (30 300) —  “H132(29800) 1.37x 10° 1.27x 10

50000 50250 twa* (30 300) — “Gg2(30100)  1.52« 10° 5.87x 10°

L (30 300) — 4GP 1.75x 1¢° 1.27x 10
aFrom phosphorescence spectra at 10 K for Gd helicate, obtained ar ( ) G52(30232) x x

from ref 11.° From absorption spectra in,® at 293 K; sh= shoulder. TABLE 5: Calculated Quantum Yield (%) of

[Smy(Lc—2H)3] at 300 K for Several Values of the Transition
process is important for lanthanide containing compounds Rates

because intersystem crossing rates (isc) are enhanced by y, (s Ko (579 kez (579 Q(D;0) Q(H:0)
paramagnetic and heavy atom effe€Shis is exemplified by 10 10 10 0271 0253
the quantum yield of the ligand-centered fluorescence of the 1 107 108 027 0.25
Gd" helicate in HO which amounts to only 0.9398,down 107 10 108 0.25 0.23
from 5% for the free ligand. A similar, but much more 108 10 108 0.14 0.12
pronounced trend is observed for the'Strelicate that presents 1 10 1 0.025 0.024
a very small quantum yield in D, 0.03%, compared to 12% 16 10 16 5.2 1.6
for the free ligand. These data point to the intersystem crossing %82 ig %g 3-313 %-84
in the ligand increasing upon complexation with a concomitant 108 100 108 0.0014 0.0014
energy transfer onto the metal ion and a large decrease in the
emission from the singlet state. 1% 18; 182 8:8853 8:8832
The Smt' ion possesses a wealth of electronic levels, which 10° 10 10 0.030 0.028
have been identified and labeled by Carnall et*alVe have 10° 107 100 0.25 0.23

used several criteria to select the levels most amenable to energy
transfer, in particular resonance conditions and selection rules . ) i
(see Experimental Section), which limited the number of _ °See Figure 4 for the numbering of the states and, therefore, the
- . . o - labeling of the rate constants. ltalicized values reproduce best the
potentially interesting levels to six: (i) an exchange mechanism experimental data.
is operative for the twdGsy, levels (30230 and 17900 c,
and multipolar mechanisms are effective for thg, *Ho2,*H1zp,
and“Ggy, levels. To apply the selection rules, we have considered constants calculated from eqs-2 are listed in Table 4. They
solely the ground stat@Hsy;; at room temperature, population 5y \yidely for the different levels involved, betweenSEnd
of the °Hy; level is around 0.06% only, and we think that the 1’51 3 range comparable to that found for the transfer rate
benefit introduced by taking the latter level into consideration .. nstants in the 1:1 and 1:3 complexes of'Ewith L.45 The
would have been largely outbalanced by the severe complica-|5rgest rate constants correspond to @k, levels and a first
tions brought in the model. conclusion is that these levels are implicated in the main path-
The parameters used in the calculation of the energy transfer(s) of the energy transfer process. The numerical solutions of
rate constants and quantum yield were the followind  the rate equations were used to calculate the populations of the
(spontaneous emission coefficient)880 s'* and 1+ = 23998 levels (eq 4) which, in turn, were used to estimate the emission
s1in H,0, andAr = 894 s1and 1t = 5531 stin D,O. The quantum yields.
4Gs/2 — ®Hsy, transition was taken as reference in the estimate  We have performed a variable analysis to investigate the
of the spontaneous emission coefficient because the quantitiesiependence of the quantum yield upon the rate conskants
U® are very small for this transition. THR. and (| kuz(K)- ka1, andks, (Table 5). A quite satisfactory match between the
sn(K)|¢'Ovalues have been calculated previously for the fol- calculated (1.2%) and experimental (1.1%) quantum yields in
lowing compounds: [Eu(N€sL(MeOH)],** Eu(TTA)z-2H,0 D,0 solution was found by settinkp; = 10° s71, ks; = 108
and Eu(TTA)-2DBSO?® where L= 2,6-bis(1-methylbenzimi- s andks; = 108 s~L. For H,O solution,ky; = 107 571, kg1 =
dazol-2-yl)pyridine, TTA= thenoyltrifluoroacetonate and DBSO 108 s7%, andks, = 108 s™! gave a calculated quantum yietd
= dibenzyl sulfoxide. In these compoundR, ranges between  0.12%, as compared to 0.14% for the experimental one. It is
4.3 and 4.5 A andp| Y kuz(K)sn(k)|¢' Dbetween 0.8< 10736 and noteworthy that, as expected, the only rate constant influenced
1.9 x 103 esif cn?. In view of their relative insensitivity to by the solvent change kg1, which becomes 10 times larger in
the nature of the complex, we have chosen the same values a$,0 compared to that in D, while the intersystem crossing

experimental data 1.1 0.14

The theoretical values for the forward and back-transfer rate

those calculated by the Sparkle model for [Eu@¥D(MeOH)], rate constant remains the same8&0') and is comparable to

4.3 A and 1.9x 10736 esi cn®, respectively* The other that found in the complexes with L (1610° s™)*5 and in
parameters were set tdA (3t*) = 4200 cnrl, from the metallotexaphyrins containing coordinated'Nand Y!" ions#6
phosphorescence spectra of the'Guelicatel? AA (tr*) = This means that second sphere interactions of water molecules

4400 cnr?, from the absorption band of the lower energy singlet with the carboxylic groups not only depopulate the emitter level
centered at 30300 crh, andog = 0.99, from the structural data  of the Sn#' ion, but also the triplet state level, consistent with
reported for the Eti and TB' helicates'! The transfer rate  the quantum vyields for the ligand-centered luminescence
constantk;z = ¢ = 10* s~ was assumed to be identical with  discussed above. The large value is typical of a heavy-atom
those found for other coordination compouridshile the rate effect#3

constants for nonradiative decays from the excited'Savels The lifetime of thelzz* emission in the helicate depends on
have been set to $G 1.4 the energy transfer rate constants to the''Supper excited
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levels, onks,, and on the internal conversion rate constamt V. Conclusion
The same lifetime in the uncoordinated ligand depends only on
ks1 andksy, and the latter rate constant is smaller in the ligand
than in the complex, as describe above. Therefore, the internal
conversion rate constamg; in the Smi' helicate should be
comparable to the inverse of the singlet emission lifetime (1/
7g) in the uncoordinated ligand, which is the casetsH 1.2

x 10 s compares well with theks; value of 16 st

Metal-centered luminescence is fairly well sensitized in the
triple stranded homodimetallic helicates H(In®—2H)3], Ln =
Sm (H0O, D,O) and Yb (BO). The absolute quantum yield of
the ligand-centered luminescence decreases dramatically upon
formation of the helicates because of a large enhancement in
the intersystem crossing rate constant and subsequent energy
. . ) . transfer onto the metal ions results in the observation of metal-
reproducing best the experimental quantum yields in both Water contered luminescence. Both the quantum yields and lifetimes
and deuterated water. of the metal-centered luminescence of the helicates( &re
Finally, we have evaluated the contributions of the various |arge compared to other values reported in the literature, pointing
energy-transfer processes to the overall quantum yield by to these systems as potential luminescent probes for applications
performing the theoretical calculations for each separate level.jn pjpanalyses. Indeed, ligancflcan be easily derivatized in
It turns out thaBrzz* — “Gs/AY) accounts for ca. 97.5% of the  the 4-position of the pyridin® so that grafting of adequate
total energy transfer whilbrz* — “Gs// accounts for 1% and  sensitizing groups is within reach.
all the other processes for the remaining 1.5%. Therefore, the  pjoneer work for the calculation of energy transfer rates and
common, and simplified, thinking that ligand-to-metal energy emission quantum vyield in the Smhelicate leads to a good
transfers in lanthanide-containing compounds goes essentiallyagreement between experimental and theoretical quantum yield
through the triplet state is validated in our particular case. One of the metal centered emission, indicating that the theoretical
difference is that the main Operative mechanism is an EXChang%pproach used is adequate_ We have shown that the main energy
one and not a Fster-type mechanism, pointing to some orbital  stream from the ligand to the metal ion goes through the triplet
overlap between the ligand and 4f states. state through an exchange mechanism. This type of theoretical
The YB'" helicate in BO presents a much stronger metal- modeling of energy transfer processes opens the way for a more
centered emission in the infrared upon ligand excitation than rational design of samarium luminescent probes.
upon direct excitation of the metal ion, clearly establishing the
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