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Photophysics of 1,8-naphthalimide/Ln(in) dyads
(Ln = Eu, Gd): naphthalimide — Eu(in) energy-transfer
from both singlet and triplet statest
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Transient absorption and time resolved luminescence spectroscopy were used to study photophysical pro-
cesses in the macrocycle-appended 1,8-naphthalimide compound HsL, and its Eu(i) and Gd(i) complexes
Eu-L and Gd-L, in particular the naphthalimide—Eu(in) energy-transfer process. In all cases aggregation of
the naphthalimide chromophores results in a low-energy emission feature in the 470-500 nm region in
addition to the naphthalimide fluorescence; this lower-energy emission has a lifetime longer by an order
of magnitude than the monomer naphthalimide fluorescence. Transient absorption spectroscopy was
used to measure the decay of the naphthalimide triplet excited state, which occurs in the range
30-50 ps. In Eu-L, partial energy-transfer from the naphthalimide chromophore results in sensitized
Eu(im)-based emission in addition to the naphthalimide-based fluorescence features. Time-resolved
measurements on the sensitized Eu(in)-based emission reveal both fast (~10° s™') and slow (~10%* s7")
energy-transfer processes from the naphthalimide energy-donor, which we ascribe to energy-transfer
occurring from the singlet and triplet excited state of naphthalimide respectively. This is an unusual
case of observation of sensitization of Eu(m)-based emission from the singlet state of an aromatic

www.rsc.org/pps chromophore.

Introduction

Luminescence from lanthanide complexes is of substantial
importance in many applications such as biological imaging,"
sensing and analysis,” optical data transfer,®> and lighting
devices.® Their particular photophysical properties such as
narrow line widths, long luminescence lifetimes and (in some
cases) hypersensitivity to the coordination environment make
them particularly appealing for these applications.”™ Their
main shortcoming however is the very small extinction coeffi-
cients for f-f absorptions in these ions, which means that
antenna groups - either organic or inorganic chromophores -
must be used to harvest the photons as the first step.” It
follows that energy-transfer from the excited state of the
antenna group to the Ln(m) centre must be efficient to achieve
a high quantum yield for Ln(m)-based emission.
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One interesting application of Ln(m)-based emission which
has attracted recent attention is the preparation of white-light
emitting materials in which the strong red luminescence of
Eu(m), dominated by the D, — “F, transition at 615 nm, is com-
bined with blue or blue/green luminescence from a chromo-
phore with a higher-energy excited state to give luminescence
which appears white.*” For this to work requires not only that
the two emission components are complementary in colour,
but that their relative intensities are well balanced so that
neither component dominates the emission spectrum. This in
turn requires that energy-transfer from the higher-energy
(antenna) excited state to the Eu(u) *D, level is incomplete,
such that the higher-energy blue/green emission component is
not fully quenched and is able to balance the sensitised red
emission from Eu(ur).*”

With this in mind we recently reported in a preliminary
communication” the synthesis and luminescence properties
of a 1,8-naphthalimide/Eu(m) dyad Eu-L (Scheme 1) which
afforded white-light emission in some solvents; the Gd(m)
analogue Gd-L was also prepared for control purposes, as
the excited state of Gd(m) is too high to quench the excited
state of the donor and therefore allows study of the
unquenched 1,8-naphthalimide wunit in an isostructural
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Scheme 1 Structural formulae of the species HsL, Eu-L and Gd-L discussed in
this paper.

system. 1,8-Naphthalimide has several properties which make
it ideal for this application. It shows short-lived blue fluore-
scence from the singlet T—n* state, but also has efficient inter-
system crossing to the lowest triplet state (¢ ~ 0.95).® The
energy of this triplet state (18 500 cm™") is just high enough to
sensitise the emissive °D, state of Eu(m) (17 500 cm™"), but is
not energetic enough sensitise any of the higher-lying (°D; and
upwards) levels.” In addition, aggregation of 1,8-naphthali-
mide units can result in formation of additional fluorescence
bands at lower energy than the monomer fluorescence: this is
of particular interest in covalently-linked bis-naphthalimides
in which the two fluorophores are held close together and pro-
vides a convenient way to tune the emission colour of the
naphthalimide unit."’

Following our earlier communication,” in this paper we
report a detailed study of the photophysical properties of H;L,
Gd-L and Eu-L. In particular we have examined (i) aggregation
of the molecules in solution, and (ii) the mechanism of
energy-transfer from the 1,8-naphthalimide unit to the Eu(m)
centre. In each area some unexpected results emerge, and in
particular we have evidence that naphthalimide-to-Eu(m)
energy transfer can occur from both the singlet and triplet
excited states of the naphthalimide unit.

Experimental

The complexes Hs;L, Gd-L and Eu-L were available from pre-
vious work.” Laser flash photolysis was carried out using a
YAG:Nd laser (the 3™ harmonic at 355 nm, 5 ns pulse
duration, 5-30 m] pulse energy). The excitation and probe
light beams entered the solution under investigation in a 1 cm
cuvette at a small angle (~2°) to one another. UV/Visible
absorption spectra were recorded using an Agilent 8453 spec-
trophotometer (Agilent Technologies). To extend the range of
detectable concentrations, cuvettes with optical thickness
1 cm-10 pm were used. In numeric kinetic simulations differ-
ential equations were solved using proprietary software
(SPARK) based on the fourth-order Runge-Kutta method. The
program allows calculations and fitting of experimental kinetic
curves simultaneously at multiple wavelengths.

Spectra and kinetic curves of luminescence were recorded
with an Edinburgh Instruments FLSP-920 spectrofluorimeter
with either a Xenon lamp or a laser diode EPLED-320 (Aex =
320 nm, pulse duration 0.6 ns) as excitation sources. Solutions
were prepared using spectroscopically pure solvents and triply
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distilled water. When necessary, dissolved oxygen was removed
from the solutions by bubbling argon through the solution for
30 min. The quantum yield for formation of the triplet excited
states was determined using the extinction coefficient ¢ =
10* M™' em™" for 1,8-naphthalimide.® Luminescence quantum
yields were measured relative to that of anthracene, using the
value for the fluorescence quantum yield of anthracene
in acetonitrile (0.28), as it has been previously shown that
quantum yield of anthracene fluorescence is solvent-indepen-

dent."™' For aqueous solutions the correction factor
2
n
H,0
2= —1.079
ey en
was used.

All calculations were performed using Gaussian 09, version
C.01,"* compiled using Portland compiler v 8.0-2 with the
Gaussian-supplied versions of ATLAS and BLAS, using the
B3LYP functional of DFT."* In all calculations we used a Stutt-
gart/Dresden pseudo potential on Eu'** and D95V on all other
atoms.'” As a result, the calculations contained at most 651
basis functions and 354 electrons. No symmetry was taken
into account in our calculations. In previous work it was found
that this approach results in a reasonably accurate description
of transition-metal complexes and their properties,'®“” allow-
ing for qualitative comparison with experiment. In all calcu-
lations the bulk solvent was described using PCM,'” whereby
the standard parameters as supplied in Gaussian were used.

The following procedure was used in our calculations.
The starting structure of Eu-L was obtained by adapting the
crystal structure that has been previously reported.'® Using
Gaussview'® the pendant naphthalimide unit was attached.
Subsequently, the coordination shell was completed by adding
the requisite number of water molecules. It was recognized
through visual inspection that three different conformers
appeared to be possible. Each of these was optimized for both
water and MeCN solvent. Frequencies in the harmonic
approximation were calculated to confirm that each optimized
structure was a minimum. The corresponding structures for
MeCN and water are not significantly different, so only the
conformers in water will be reported upon.

Results and discussion

1. Absorption and luminescence spectra, and their
concentration dependence

The UV/Vis absorption spectrum of unsubstituted 1,8-naphthal-
imide consists of four intense lines in the UV region. In aceto-
nitrile, the absorption maxima and extinction coefficients of
these lines are at 214 (19100 M~' ecm™"), 234 (49700), 332
(12 500) and 344 (11 700) nm,"" and very similar spectra were
observed in cyclohexane and ethanol. The absorption spectra
of H;L and its complexes Eu-L and Gd-L at low concentrations
(<10™* M) are very similar to that of free 1,8-naphthalimide
(Fig. 1), with the presence of the lanthanide ions making very
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Fig. 1 (a) UV/Vis absorption spectra of HsL in water: (1) concentration 9.4 x
107> M (path length 1 cm); and (2) 1.75 x 1072 M (path length 54 um). The cal-
culated spectrum of a dimer is presented as curve (3) (see text for details). (b)
UV/Vis absorption spectra of Eu-L in water: (1) concentration 5.72 x 107> M
(path length 1 cm); and (2) concentration 2.27 x 1072 M (path length 25 pm).
The calculated spectrum of a dimer is presented as curve (3) (see text for
details).

little difference as they are separated from the chromophoric
unit by a saturated spacer.

Increasing the concentrations leads to slight but significant
changes of the spectra [see Fig. 1(a)]. Fig. 1(a) shows this
change in the (normalized) absorption spectra for H;L in water
at two different concentrations [spectra (1) and (2)]; Fig. 1(b)
shows the similar absorption spectra of Eu-L over the same
concentration range. These changes can be explained by aggre-
gation of the aromatic units, and the presence of isosbestic
points in both cases confirms conversion between just two
spectroscopically distinct species, monomer and aggregate.
Such aggregation is a known characteristic of naphthali-
mides®'® and was mentioned in our original communication;’
it is discussed in more quantitative detail later. Aggregation is
manifested in the absorption spectra by a red-shift of the
lowest-energy absorption band to 365 nm and other subtle
changes in the absorption profile at higher energy. These
changes were only noticeable at concentrations in the region
of 107> M, which required ultrathin optical cells (path lengths
25 pm or 54 pm) to measure the absorption spectra. Essentially
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identical behaviour was shown by the absorption spectra of
Eu-L (Fig. 1b) and Gd-L (see ESI}) in water. The clear shift of
the lowest-energy absorption maximum on aggregation (see
curve 3 in both Fig. 1a and 1b) is consistent with formation
of a J-aggregate involving stacking of aromatic units,*® and
indeed J-aggregates are well known to form with perylene-
bisimide dyes which are related to the naphthalimide unit
used in this work.>°

The fluorescence spectra of Hi;L in water at a range of
concentrations are shown in Fig. 2a. At low concentrations
(~10~* M) we detect only monomer fluorescence at 395 nm. An
increase in concentration up to ~107> M leads to a relative
decrease in the intensity of this emission band and an appear-
ance of a new luminescence band at 500 nm (discussed
below). Gd-L and Eu-L show essentially identical behaviour
(Fig. 2b and ESIf). The naphthalimide-based fluorescence
of these complexes behaves as it does for H;L: at low con-
centrations (107°-10"* M) a broad emission band with a
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Fig. 2 (a) Luminescence spectra of HsL in water with excitation at 320 nm.
Spectra (1)-(3) were recorded at concentrations of 9.4 x 107>, 2.14 x 103 and
1.75x 1072 M respectively, using 1.0 cm, 0.1 cm and 54 pm cells respectively. (b)
Luminescence spectra of Eu-L in O,-equilibrated water (oxygen concentration,
2.8 x 1074 M) with excitation at 320 nm. Spectra (1)~(5) were recorded at con-
centrations 5.7 x 107>, 1.14 x 1072, 3.45 x 1072, 9.23 x 102 and 2.27 x 1072 M,
respectively. Spectra were measured in a 54 pm cuvette with the exception of
spectrum (1) which used a 1 cm cuvette; the normalization of this spectrum
with respect to the others is made with the help of the isosbestic point.
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maximum at 395 nm is observed, and at higher concentrations
(up to 107> M) the intensity of this 395 nm band decreases
and again we see a lower energy emission band with a
maximum at 502 nm (Fig. 2b). In the spectra of Eu-L we also
see lines in the red region of the spectrum corresponding to
sensitised Eu(m) luminescence, with the most intense com-
ponent being the °D, — 'F, transition at 614 nm (marked with
an arrow). The relative intensity of the Eu(m) emission
decreases as the Eu-L concentration increases. The removal of
oxygen from the solution leads to an increase in the intensity
of Eu(m) emission by an order of magnitude, implying that
there is some energy-transfer to Eu(m) from the T; state of the
naphthalimide chromophore, which is reduced in efficiency
when this T, state is partially quenched by O,. This is to be
expected and is normal behaviour when a triplet state of a
chromophore contributes to sensitisation of Eu(u).

The formation of a new low-energy fluorescence band at
470 nm for N-methyl-1,8-naphthalimide (NAP) under high
laser intensity has been observed previously'' and was
assigned to singlet excimer emission®' arising from triplet-
triplet annihilation, ie. *NAP + *NAP — '(NAP:NAP)*. We
therefore suggest that the fluorescence band (Fig. 2a and 2b)
at 500 nm which appears at high concentrations of H;L, Eu-L
and Gd-L is also due to emission from an aggregate in the
excited state which involves aromatic interactions. However, in
our case, in water this emission originates directly from a pre-
formed aggregate (¢f. the absorption spectra at high concen-
tration). We can confirm this by excitation spectra recorded
measuring the 400 nm (monomer) and 500 nm (excited aggre-
gate) emission bands (Fig. 3a). These are slightly different,
with the 500 nm excitation spectrum including features corres-
ponding to aggregate formation in the UV/Vis absorption
spectrum at high concentrations, specifically a region of absor-
bance at around 275 nm and a low-energy tail extending out to
400 nm. These features are clearly more pronounced in the
500 nm excitation spectrum and shown by arrows on spectrum
3 of Fig. 3a.

Fig. 1 shows that extinction coefficients of the monomer
and a molecule in the aggregate of Hi;L are the same at
320 nm. This coincidence allows us to calculate the relative
quantities of the monomer and the aggregate from the ratio of
luminescence intensities at 395 and 500 nm (Fig. 2). Let us
assume that emission from the aggregate (500 nm band) does
not contribute significantly to the luminescence intensity at
395 nm. Likewise, we assume that there is negligible contri-
bution at 500 nm from the monomer emission (395 nm band).
Further, to make some quantitative analysis possible we will
assume that the aggregation takes its simplest possible form,
of a monomer (M)/dimer (D) equilibrium, which is consistent
with the appearance of isosbestic points in the series of nor-
malized absorption spectra at different concentrations. In this
case the ratio of the luminescence intensities at these two
wavelengths will be determined by eqn (1):

4KC,

1(395)  I(M) («/1 T8KC, — 1 1>

(1)
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Fig. 3 (a) Excitation spectra of HsL in water (17.3 mM using 54 pm cuvette).
Spectrum (1): luminescence spectrum using 320 nm excitation. Spectrum (2):
excitation spectrum recorded at 400 nm. Spectrum (3): excitation spectrum
recorded at 505 nm. Spectrum (4): UV/Vis absorption spectrum. (b) Excitation
spectra of HsL in MeCN (8.4 mM using 54 um cuvette). Spectrum (1): lumines-
cence spectrum using 320 nm excitation. Spectrum (2): excitation spectrum
recorded at 382 nm. Spectrum (3): excitation spectrum recorded at 505 nm
emission. Spectrum (4): UV/Vis absorption spectrum.

where ¢ is the ratio of the observed luminescence quantum
yields of the dimer and the monomer, K is the equilibrium
constant for dimer formation, and C, is the initial concen-
tration of H;L. Fig. 4 shows the measured concentration depen-
dence of the I(D)/I(M) ratio. The best fits to these data using
eqn (1) (solid lines) allowed us to determine ¢ = 1.25 + 0.32
(i.e. the emission quantum yields of monomer and dimer are
similar) and K = 48 + 18 M. Using this value of K, we could
calculate the relative quantities of the monomer and the dimer
of H;L at different concentrations, as well the limiting absorp-
tion spectra of the monomeric and dimeric species (included
in Fig. 1a). A similar analysis using the relative intensities of
the monomer and dimer emission bands of Eu-L (at 395 nm
and 502 nm respectively; Fig. 2b and 4, red circles) gives ¢ =
1.03 + 0.12 and K = 62 + 11 M, similar to what we observed
for H;L. From this K value the limiting absorption spectrum of
the dimer has again been calculated [curve (3) in Fig. 1b].
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Fig. 4 The dependence of the ratio of dimer to monomer luminescence inten-
sity, /(D)/I(M), on the concentration of HsL (1), Eu-L (2) and Gd-L (3) in H,O. Solid
lines are the results of calculated fits using egn (1).

In MeCN the concentration dependences of the spectral
properties are quite different, with the absorption spectra of
H;L, Eu-L and Gd-L being virtually concentration-independent.
This could imply that there is less aggregation of the aromatic
chromophores when water is replaced by MeCN (e.g. if aggrega-
tion in water is hydrophobic in origin); or it could imply that
the spectroscopic consequences of aggregation, which would
include changes in solvation between monomer and aggregate,
are less apparent in the weaker solvent. Despite this, lumine-
scence spectra of Eu-L and Gd-L in MeCN display not only
the expected emission from the naphthalimide monomer at
382 nm, but show an additional band at 470 nm (Fig. 5)
similar to what was seen in water. This 470 nm emission com-
ponent becomes more significant as the concentration of the
complexes increases and is again assigned to luminescence
from an aggregate. Importantly, time resolved measurements
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Fig. 5 Luminescence spectra of Eu-L in CH3CN with excitation at 320 nm.
Spectra (1)~(5) were recorded at concentrations of 6.6 x 107>, 3.08 x 1072, 9.51
x 1073, 1.74 x 107> and 2.2 x 1072 M, respectively. Spectra were measured in a
54 pm cuvette with the exception of spectrum (1) which used a 1 cm cuvette;
the normalization of this spectrum with respect to the others is made with the
help of the isosbestic point.
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Fig. 6 The dependence of ratio of dimer (470 nm) to monomer (382 nm) lumi-
nescence intensity. /(D)//(M), on the concentration of Eu-L (1) and Gd-L (2) in
CH3CN (points). Solid lines are the results of calculated fits using eqn (1).

(see later) allow us to rule out excimer formation in a collision
process after excitation, which means that the aggregation
occurs in the ground state in MeCN even if this is less obvious
from the absorption spectra than the aggregation in water.
Importantly however excitation spectra recorded at high con-
centration (Fig. 3b) show that, for the 470 nm emission band
but not the 382 nm emission band, the excitation spectrum
(curve 3 in Fig. 3b) includes a low-energy tail of absorption at
around 400 nm, shown by an arrow, that corresponds well to
what we saw in water as a consequence of aggregation; this is
absent in the 382 nm excitation spectrum and therefore
cannot correspond to the monomer.

Using the analysis described earlier (eqn (1)) based on the
intensities of emission from the aggregate (at 470 nm) and
monomer (at 382 nm) in MeCN, one can obtain the data
shown in Fig. 6. We assume again that the aggregate
contains two molecules, like those that form in water in the
ground state. Using eqn (1) yields the equilibrium constant K =
52 + 32 M, and quantum yield ratio ¢ = 0.22 + 0.09 for Eu-L;
and K =89 + 11 M* and ¢ = 0.20 = 0.02 for Gd-L. Thus the
equilibrium constants for aggregation in both solvents are
similar, but in MeCN the relative quantum yield of the lower-
energy emission component compared to the higher-energy
component is only about 20% of the value observed in water:
in other words, emission from the aggregate in CH;CN is
much weaker than that of the monomer.

Quantum yield measurements recorded on dilute solutions
(with A = 0.5 at Aexe = 320 nm) show that the luminescence
from the Eu(w) ion (575-750 nm) in CH3;CN is ~34% of the
total intensity, whereas in water it is only 7.2% of the total
intensity (Fig. 7). This reflects principally the well-known
quenching effect on Eu(m) of O-H oscillations from
coordinated water molecules which is absent in MeCN.

2. Time-resolved measurements of the naphthalimide
luminescence

Fig. 8 demonstrates the kinetics of luminescence of H;L at
395 nm (the monomer fluorescence emission) in water at a low

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Fig. 7 Luminescence spectra of Eu-L (6 x 107> M, 1 cm path length) in
degassed CH3CN (1) and degassed H,O (2). Excitation was at 320 nm in each
case where the two solutions were isoabsorbing (A = 0.5).
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Fig. 8 Luminescence decay kinetics of HsL in water with excitation at 320 nm.
Curve (1): instrument response function. Curve (2): decay kinetics at 395 nm at
low HsL concentration (9.4 x 107> M, 1 cm cuvette). Curve (3): decay kinetics at
500 nm at high HsL concentration (1.75 x 1072 M, 54 um cuvette). Solid lines in
the kinetic traces are the calculated fits using a three exponential approximation
(parameters in Table 1).

concentration (9.4 x 107> M) and at 500 nm at a high concen-
tration (1.75 x 10~> M), corresponding to the limiting emission
spectra in Fig. 2a. The kinetic behavior in each case required

Table 1

View Article Online

three exponential decay parameters to be modeled satisfac-
torily, and the solid lines in Fig. 8 show the resultant best fits
using parameters given in Table 1. Similar kinetic behaviour
for the monomer and aggregate emission bands was shown by
Eu-L and Gd-L and the lifetimes used for the three-component
decay model for these are also included in Table 1. Between
the three compounds the monomer luminescence decay com-
ponents are very consistent with lifetimes of ca. 0.3, 1.3 and
2.2 ns. The aggregate luminescence decay measured at 1.75 x
107> M has two longer-lived components, one at 5-6 ns and
one of 15-17 ns, in addition to a ~0.4 ns component which
has a small contribution and is likely to arise from monomer.
In the aggregate the presence of >2 decay components can be
ascribed to variations in the structures of the aggregates
and/or complex dynamic behaviour of components within an
aggregate. The presence of three luminescence decay com-
ponents even at high dilution when there is no aggregation
present implies the presence of either different conformers of
the flexible molecules, or the presence of different degrees of
solvation of the naphthalimide unit.

Importantly we could detect no rise-time for the long wave-
length luminescence component at 500 nm. If this component
arose from excimer formation, we would expect a rise time of
~2 ns at the highest concentration used. As the excitation
pulse was of 600 ps duration, such a grow-in would be easily
detectable. Its absence confirms that the low energy lumines-
cence arises from aggregates that are pre-formed before exci-
tation (cf. the UV/Vis absorption spectra).

In MeCN, the kinetics of naphthalimide-based lumines-
cence of all three compounds are similar to those in water,
again requiring three exponential decay components to obtain
a good fit (see Table 2). In MeCN, the emission from the
naphthalimide monomers is observed at 382 nm with the two
major components having lifetimes of ~0.3 and ~1 ns. Emis-
sion from aggregates is observed at 470 nm at high concen-
trations (>107° M), and is characterised by longer lifetimes
than the monomer, with components of ca. 5 and 20 ns which
are similar to the luminescence lifetimes from the aggregates
in water. The short lifetime component (<1 ns) detected at
470 nm in MeCN can again be explained by a small contri-
bution from the broad emission band of the monomer which

Parameters of the three exponential approximation of fluorescence kinetic decay curves for HsL, Eu-L and Gd-L in water (see e.g. Fig. 6). Optical path

length 54 pM for 1072 M solutions and 1 cm for 107°/10™* M solutions. Error in lifetime values is estimated as 10%

Compound Path length Aem/NM 7,/n8 A% 7,/n8 A% 75/n8 As/%
H,L

9.4x107°M 1cm 395 0.4 29 1.3 50 2.2 21
1.75x 107> M 54 ym 500 0.5 5 5.0 23 15.0 72
Eu-L

1.0x107*M 1cm 395 0.3 28 1.3 56 2.3 16
2.2%x107>M 54 pm 395 0.5 31 1.3 68 4.7 1
2.2x107%M 54 pm 505 0.4 1 6.5 22 16.5 77
Gd-L

1.1x107*M 1cm 393 0.3 29 1.3 38 2.2 33
7.9%x107° M 54 pm 393 0.5 18 1.6 73 2.6 9
7.9%x107° M 54 pm 504 0.4 2 5.9 19 17.2 79

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Table 2 Parameters of the three exponential approximation used to describe fluorescence decay kinetics for HsL, Eu'L and Gd-L in acetonitrile. Optical path

lengths: 54 pm for 1072 M solutions and 1 cm for 107°/10~% M solutions

Compound Path-length A/nm 71/n8 A% 7,/ns Ay/% 73/ns As/%
H,L

9.4x10° M 1cm 382 0.3 30 1.0 67 2.7 3
1.75x 1072 M 54 pm 382 0.3 41 1.0 58 5.2 1
1.75x 1072 M 54 pm 470 0.7 12 5.0 18 18.6 70
Eu-L

6.6 x107° M 1cm 382 0.3 21 1.3 77 14.7 2
1.74x 1072 M 54 pm 382 0.3 6 1.8 80 3.9 14
1.74x 1072 M 54 pm 470 0.8 5 6.1 33 18.6 62
Gd-L

5.76x10° M 1cm 382 0.3 14 1.2 85 3.7 1
1.04x 1072 M 54 pm 382 0.4 15 1.1 84 9.5 1
1.04x107>M 54 pm 470 0.8 9 4.1 10 20.7 81

overlaps at this wavelength. Again, the absence of any grow-in
means that excimer emission — which requires diffusion of
excited molecules - can be ruled out as a mechanism for
generating the low-energy luminescence component which
must arise from pre-formed aggregates.

3. Spectra and kinetic properties of the triplet excited state of
H;L, Eu-L and Gd-L

Fig. 9 shows the transient absorption spectrum of the triplet
excited state of H;L in deoxygenated water recorded 50 ns after
355 nm excitation, and its kinetic behaviour. The 50 ns delay
allows the singlet state to disappear completely such that this
is the pure triplet-triplet (T-T) absorption spectrum.
The shape of this spectrum is very similar to that reported for
N-methyl-1,8-naphthalimide.'’ In Fig. 9a, spectrum (2) shows
the negative contribution to the T-T absorption of photo-
excited H;L arising from bleaching of the ground state absor-
bance at 340 nm. The intensity of this was calculated using the
measured optical density of the T-T absorption at 470 nm

@] e » (b)
40 ~ 4
:30
Qo 2
(?320 E 10
x %0 4@ s @ 10
2 9 t/ps
2 ‘Tw 5%
_20 ~ 4 °
L (c)
T 2
X
-40 @
o
= %o 2030 40 5060
60 L~ 1 1 1 3
300 400 500 600 AAbs x 10

Wavelength / nm

Fig. 9 The triplet-triplet absorption spectrum (a) and its decay (b) of HsL in
water recorded 50 ns after laser excitation at 355 nm. Curve (c) shows the
dependence of keps of T-T absorption decay at 470 nm on the value of absorp-
tion (AA). In frame (a): (1), the measured differential T-T absorption; (2), the
UV/Vis spectrum of the complex showing the naphthalimide absorption; (3),
the difference between (1) and (2), i.e. the T-T absorption spectrum.
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(spectrum (1)) and e ~ 1 x 10* M™" em™". Subtracting spectrum
(2) from (1) yields the corrected T-T absorption spectrum,
curve (3).

The observed rate constant k,ps of the triplet-triplet (T-T)
absorption decay (see Fig. 9b for an example) as a function of
the amplitude of the initial absorbance (AA) is presented in
Fig. 9(c). This variation in the observed decay rate constant
kobs at different concentrations arises because there are both
first-order and second-order contributions to the excited-
state decay. The observed rate constant in this case can be
expressed as
2k

% % AA (2)

kobs = k1 + 2ky x AC = k1 + ]
&

where k; = 3 x 10* s™" is the rate constant of the normal first
order decay, and 2k,/e = 3.85 x 10°> cm s is the observed rate
constant for the second-order triplet-triplet annihilation.
Assuming an extinction coefficient of £ ~ 1 x 10 M™" em™" for
the T-T absorption of N-methyl-1,8-naphthalimide,"* one
obtains 2k, = 3.85 x 10° M™' s7!, which is close to the
diffusion limit of the bimolecular rate constants in water (kgis
= 5.6 x 10° M" s7'). This yields the value for the lifetime of
the H;L triplet state in water (1/k;), in the absence of concen-
tration quenching (low laser power and low sample concen-
tration), of approximately 30 ps.

The T-T absorption spectra of Gd-L and Eu-L (see ESIT) are
essentially identical to that of HsL, and also display similar
kinetic behaviour. From the concentration dependence of the
decay kinetics we can again see a combination of first-order
and second-order processes contributing to the decay, and
analysis using eqn (2) affords the values of k; (first order decay
rate constant) and 2k,/e (second-order rate constant for triplet-
triplet annihilation) that are summarized in Table 3.

In the two compounds Hi;L and Gd-L the value of k; is
determined only by the transition rate from the triplet excited
state to the ground state (T; — S,). For Eu-L, an additional con-
tribution to the T-T decay kinetics arises due to energy-
transfer from the ligand triplet state to Eu** (T; — °D,, respon-
sible for sensitized Eu-based emission) and this also contri-
butes to k; which is therefore expected to be larger. Assuming
that the rate constants of the T, — S, transition are identical

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Table 3 First-order and second-order decay constants for T-T absorption in de-
oxygenated water, based on concentration-dependent measurements and
application of eqn (2)

Compound ky x 1074571 2ky/e x 10 °/em ™1
H;L 3.0+0.2 3.9+0.4
Gd-L 4.7 £ 0.2 2.5+0.2
Eu'LL 5.7+0.2 4.4+ 0.5

for Gd-L and Eu-L, the rate constant for naphthalimide (T;) —
Eu(°D,) energy transfer kg in Eu-L is given by eqn (3).

for = KU @)
Hence, from the values in Table 3, kgr = (0.97 + 0.06) x 10* s™*
for T, — Eu(’D,) energy-transfer.

The low value of this T; — °D, energy-transfer rate constant
could arise for several reasons. These include (i) poor donor/
acceptor spectroscopic overlap, arising from the poor energy
match between naphthalimide phosphorescence and the Eu(ur)
f-f absorptions and the narrowness and low intensity of f-f
absorptions; and (ii) the separation (and lack of a direct elec-
tronic interaction) between the naphthalimide unit and the Eu(m)
centre if Dexter energy-transfer is involved.” These issues will
be discussed in more detail later.

The T-T absorption spectrum of H;L in deoxygenated
CH;CN recorded 50 ns after a 355 nm, 5 ns laser pulse corres-
ponds closely to what was observed in water (see ESIf). Again,
the dependence of the observed T-T absorption decay rate con-
stant on concentration reveals a combination of normal first
order decay plus a second order component arising from
triplet-triplet annihilation; use of eqn (2) gives &, = 2.6 x
10* 57" for the first-order decay, and 2k,/e = 5 x 10* cm s™* for the
triplet-triplet annihilation. Assuming an extinction coefficient
£~ 1x10"M " em™" for T-T absorption intensity,® we obtain
2k, =5 x 10° M~* s7%. Thus the lifetime of the naphthalimide-
based T; triplet state in CH;CN at low laser powers and low
complex concentrations is approximately 50 ps (z = 1/k;), some-
what longer than was observed in water. Quantum yields for
formation of the naphthalimide triplet states for H;L, Eu-L
and Gd-L measured in deoxygenated CH;CN and H,O under
identical conditions and 355 nm excitation are shown in
Table 4; these are of the order of ca. 10%, which is much less
than for unsubstituted 1,8-naphthalimide.*

In the same way as described above (eqn (3)) we can
compare the behavior of Gd-L and Eu-L to determine the rate
constant for naphthalimide(T,;) — Eu(°D,) energy transfer

Table 4 Quantum vyields of HsL, Eu-L and Gd-L luminescence (&, columns
1 and 2) and triplet state formation (@', columns 3 and 4) in water and aceto-
nitrile (experimental error <10%)

Compound ¢ (H,0) ¢ (CHCN) @' (H,0) &' (CH5CN)
H,L 0.070 0.056 0.063 0.098
EuL 0.125 0.175 0.067 0.093
Gd-L 0.124 0.132 0.085 0.107

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Fig. 10 The kinetics of T-T absorption at 470 nm [curve (1)] and Eu-based
luminescence at 613 nm [curve (2)] for Eu-L in water (1.1 x 10~% M). Path length
1 cm. Solid lines are the calculated fits using egn (4) and (5) and the parameters
in Table 5.

in MeCN; the T-T spectra and decay kinetics are in the
ESLt From these we can calculate that kg[T; — Eu(°D,)] =
(1.40 = 0.05) x 10* s, slightly faster than in water.

4. Sensitised luminescence from Eu(m) ion in Eu-L: analysis
of energy-transfer

As shown in Fig. 2b, and in the previous section, excitation of
the naphthalimide chromophore of Eu-L at 355 nm results in
sensitized emission from Eu(m) following naphthalimide(T;)
— Eu(’D,) energy transfer. Fig. 10 shows the kinetic behaviour
of the Eu(m) emission [measured at 613 nm, curve (2)] of Eu-L
in water; there are three components to this. Firstly, Eu(i)-
based emission is already present immediately after the laser
pulse [see the initial step on the kinetic curve, trace (2), shown
in red]. Since direct excitation of Eu(u) must be insignificant
or completely absent, this emission cannot be immediate but
must arise from a grow-in process that is fast compared to the
time resolution of our experiment which is limited by the 5 ns
laser pulse. Secondly, there is an additional increase of sensi-
tized Eu(mr) emission intensity on the ps timescale; this is syn-
chronous with the decay of the triplet excited state [see Fig. 10,
curve (1)] and is associated with the slow (~10* s™") energy-
transfer process. Thirdly, there is the usual slow decay of Eu(u)
emission with a long lifetime (ms timescale). The latter two
components are easy to understand, being the grow-in
expected for slow energy-transfer from the naphthalimide T,
state (¢f. its match with the T-T absorption spectra decay rate),
followed by the normal slow radiative decay of Eu(um) on the
ms timescale.

The initial Eu(u)-based emission intensity that appears
within 5 ns is unexpected however, and there are two possible
explanations for this that need to be considered.

(i) The high Eu-based emission intensity immediately after
photoexcitation of naphthalimide could arise from a fast
energy transfer process from the singlet excited state of the
ligand (S; — D, transition), which ocecurs in parallel with the
conventional, much slower, T; — *D, energy transfer following
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Fig. 11 (a) Fluorescence from the naphthalimide unit of Eu-L in aqueous solu-

tion (thin line) and phosphorescence of a simple N-substituted naphthalimide
recorded at 77 K (thick line, taken from ref. 23); (b) UV/Vis absorption spectrum
of Eu(NOs)5 in water.

S; — T, inter-system crossing (ISC). It is reasonable that S; —
D, energy-transfer should be much faster than T; — °D,
energy transfer in Eu-L on the basis of a considerably better
spectroscopic donor/acceptor overlap in the former case
(Fig. 11). The fluorescence from the naphthalimide unit which
lies in the 20000-30000 cm™" region overlaps with many
~1; there
" and

excited states of Eu(m) in the region above 17 500 cm
are eight f-f states from *D, up to D, at ca. 27 500 cm™
direct population of many of these from the “F, ground state is
allowed according to the selection rules for either Forster or
Dexter energy-transfer to lanthanide ions.** For example popu-
lation of the °D,, °D, and D levels (amongst others) would be
allowed by multipolar energy-transfer (allowed transitions have
AJ = 2, 4, 6). The good match between the fluorescence profile
of the 1,8-naphthalimide unit of Eu-L and the highest density
of f-f absorptions in the UV/Vis spectrum of Eu®* in water
(350-400 nm region) is clear in Fig. 11.

In contrast the lower-energy phosphorescence of the
naphthalimide unit>® occurs in an energy region where there
is very little overlap with f-f absorptions of Eu**, with the only
overlapping f-f excited states being °D, and °D; (Fig. 11).
Direct population of the °Dj level from the “F, ground state is
forbidden by either Forster or Dexter energy-transfer, as it is a
J =0 — J = 0 transition.>® Population of the °D; level is only
Dexter-allowed (AJ = 1),> but Dexter energy-transfer will be dis-
favoured by the lack of orbital contact between donor and
acceptor units in Eu-L that are separated by an ethylene

1674 | Photochem. Photobiol. Sci., 2013, 12, 1666-1679
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spacer. Overall it is reasonable that naphthalimide(S;) —
Eu(°D,) energy-transfer should be much faster than T; —
°Dy, energy transfer.

Sensitisation of Eu(m) by the naphthalimide S; state
requires that the S; — T, ISC of the naphthalimide unit is slow
enough for naphthalimide(S;) - Eu(°D,) energy-transfer to be
competitive. With most aromatic ligand sensitisers this is not
the case because coordination to a heavy lanthanide ion
results in very fast ISC which means that only the T, state acts
as the energy-donor.” In Eu-L however, if the pendant naphtha-
limide unit is not directly coordinated to the Eu(u) centre, ISC
could be slow enough that the S; state can also act as an
energy donor to Eu(m). In simple N-substituted 1,8-naphthali-
mides, inter-system crossing is known to occur on the time-
scale ~10°-10'° s™',® which is just slow enough for direct
naphthalimide(S;) — Eu(’D,) energy-transfer to occur in paral-
lel in Eu'L (see discussion below). We can see that an
additional ISC contribution from the heavy-atom effect is not
operating here because the S; fluorescence is not diminished
in intensity in Eu-L and Gd-L compared to H;L: in fact it is
more intense (see later), confirming the lack of a direct inter-
action between the naphthalimide pendant unit and the Eu(m)
centre. We note also that there is precedent for sensitization of
lanthanide emission by organic dye antenna groups proceed-
ing from the singlet excited state of the donor in a few cases
when it is sufficiently fast to complete with inter-system
crossing.”*

(ii) An alternative possibility which needs to be considered
is that Eu-L could contain two conformers, with the naphthali-
mide energy-donor either close to or remote from the Eu(m)
ion. This was investigated using DFT calculations. The final
structures of the three conformers investigated are given in
Fig. 12 with the structures varying from an unbound “remote”
naphthalimide in Fig. 12(a) via a semi-bound one [Fig. 12(b)]
to a directly bound unit [Fig. 12(c)]. The relative energies are
given in Fig. 12 as well. Our studies show that a conformer
with one of the naphthalimide carbonyl groups directly co-
ordinated to Eu(m) is sterically possible, resulting in the ligand
being octadentate rather than heptadentate and displacing
one water ligand. Moreover, a semi-bound conformer is possi-
ble as well, in which the naphthalimide unit is involved in a
second-sphere interaction with the Eu(m) via a coordinated
water molecule. The co-existence of both ‘bound/close’ and
‘unbound/remote’ naphthalimide units would provide a credi-
ble alternative explanation for the presence of slow and fast
energy-transfer processes.

However several factors lead us to discount this. Firstly, the
our calculations show that the ‘bound’ and ‘semi-bound’ con-
formers in Fig. 12 have Gibbs free energies which are 26.6 kJ
mol™" and 23.9 kJ] mol™ higher than the ‘unbound’ confor-
mer. This rules them out as significant contributors to the
structure in solution, if we assume Boltzmann statistics. (Here,
we need to point out that we did not consider coordination of
water to the carbonyl groups of the naphthalimide unit.
However, inclusion of these water interactions will only make
the unbound structure even more favourable.) Secondly, as we

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Fig. 12 Possible conformations of Eu-L, with the naphthalimide unit either
pendant from the metal centre [panel (a)], indirectly coordinated [panel (b)], or
directly coordinated [panel (c)] to the metal centre.

reported in our earlier communication,” a value of ~2 for the
number of coordinated water molecules at Eu(m) implies that
the ligand L~ is heptadentate (from the macrocycle and three
carboxylates) with the naphthalimide not coordinated. Thirdly,
a characteristic of conformationally flexible donor-acceptor
systems is the presence of a range of energy-transfer rates
leading to complex kinetic behavior,”® which would be the
case here as well, given the three very different conformations.
However, in our experiments only one fast and one slow
energy-transfer process is found with no intermediate values
that would lead to multi-exponential decay kinetics. Hence,
what we see is more consistent with parallel T, — *D, and
S: — D, processes in a single conformer. Finally, as men-
tioned earlier, direct coordination of naphthalimide to Eu()
would result in increased ISC and hence a decrease in

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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fluorescence intensity compared to non-metallated H;L, which
is clearly not the case (see section 5 below).

Therefore we prefer the first explanation, viz. that energy
transfer occurs from both S; and T, excited states of naphthali-
mide. The magnitude of the fast sensitized luminescence
component [the step on the kinetic curve (2) in Fig. 10] is sig-
nificant, and implies that energy transfer from the singlet
excited state occurs on a comparable timescale to inter-system
crossing. As the lifetime of the naphthalimide S; state lies in
the range 0.28-2.2 ns (Table 1), the rate constant for S; — °D,
energy transfer can be estimated as k% = (0.4 —4) x 10° 571,
five orders of magnitude faster than the T; — *D, energy trans-
fer rate. This is in good agreement with the known ISC rate for
1,8-naphthalimides (as required),® and is consistent with any
rise time for the sensitized luminescence being undetectable
within the duration of the excitation laser pulse.

We can further calculate simultaneously the kinetics of the
energy transfer to and from the T; state (and the decay of Eu’*
luminescence), and the disappearance of T-T absorption, by
solving a pair of differential eqn (4) and (5):

d[T ’
[dfl] = —kr, [T] — 2k5 ™ [Ty ]2 — KD [Ty]
kP D )
dP°D, _s "D~
[dt : =+ kgi P°[T4] — kop, [’ Do) — kg™ [°Dy] (5)

where k11— and k>~ are the rate constants for forward
and backward energy transfer processes from and to the
naphthalimide T, state; kr, and ksp, are the rate constants for
decay of the T; and D, states; and Zk;:”l is the rate constant
for triplet-triplet annihilation of the naphthalimide unit.
The k;fWT’ rate constant for back energy-transfer from excited
Eu(m) to the naphthalimide sensitiser needs to be introduced,
because the energy gradient for forward energy-transfer from
T; (18 500 cm™) to °D, (17 500 cm™") states is only 1000 cm ™",
which means that back energy-transfer is possible at room
temperature.>®

The naphthalimide T; concentration, denoted [T,], can be
estimated from the values of the optical density at the T-T
absorption maximum, and the extinction coefficient of this
absorption (¢ ~ 1 x 10* M~" em™).® The main difficulty in this
calculation is the unknown initial fraction of Eu®’ in its D,
excited state immediately after the laser pulse, i.e. arising from
the fast S; — °D, energy-transfer process. We call this value
[°Do]. An estimate of this can be made from the kinetic trace
in Fig. 8 which shows that the contributions to Eu-based
luminescence intensity arising from this fast formation of the
°D, state (the height of the initial ‘step’ at time = 0), and the
contribution arising from the slower T; — °D, energy-transfer
(the additional increase in Eu-based emission intensity), are
comparable.

Assuming a °D, concentration of approximately half of the
T, concentration as a starting point (¢f. Fig. 10) a reasonable
estimate of the kinetic parameters can be obtained (see
Table 5). The presence of back energy transfer (kif"‘m) is
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Table 5 The concentrations [T;] and [°Dy] after the laser pulse, and rate constants in calculations (eqn (4), (5)) of the kinetics of T-T absorption (470 nm) and decay
and luminescence at 613 nm for Eu-L in water (solid lines in Fig. 8) and MeCN (solid lines in Fig. 11)

Solvent [T, /™M [PDoJ/M T /s

1 - 5 _ 5 — _
2kntm /Mt s K =Pojg kD= Tijg™t Ksp, /s~
T BT BT

4.7 x 10*
5.5 x 10°

3.5%x107°
5.2 x107°

7.5%x107°
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Fig. 13 The kinetics of T-T absorption at 470 nm [curve (1)] and Eu-based
luminescence at 613 nm [curve (2)] for Eu-L in CH3CN (1.1 x 107* M). Path
length 1 cm. Solid lines are the calculated fits using eqn (4) and (5) and the
parameters in Table 5.

evident from the non-zero concentration of the naphthalimide
T, state observed at later time delays [100-250 ps in Fig. 10,
curve (1)]. Thus, whilst the lifetime (1/ksp,) of the Eu-based
excited-state in Eu-L is about 0.85 ms, the observed lumines-
cence lifetime is shorter because back energy transfer from the
°D, state to the naphthalimide T, state provides an additional
non-radiative decay pathway. Fitting the kinetic curve (2) in
Fig. 10 with a two-exponential approximation for these two
processes yields the observed luminescence lifetime of 0.27 ms
in water.

Fig. 13 shows the same data [kinetics of T-T absorption at
470 nm, and sensitized luminescence from Eu*" ion (613 nm),
following 355 nm excitation of Eu-L] but in CH;CN. The behav-
ior of the sensitized Eu-based emission - with a grow-in com-
ponent that is fast on the timescale of the laser pulse, and
another slower one that matches the T-T decay rate - is
similar to what was observed in water and the same expla-
nation is proposed, viz. the presence of energy transfer origi-
nating from both the naphthalimide S, state (fast) and the T,
state (slow). We can see that the balance between the two com-
ponents is slightly different in MeCN compared to water, with
the initial ‘step’ in Eu-based emission (the fast energy-transfer
component) being reduced in significance compared to the
slower grow-in component. A definitive reason for this is not
obvious but may include changes in conformation associated
with solvation differences, as energy-transfer by any mechan-
ism is strongly distance dependent. Using the same procedure
as described above for the studies in water, and the lifetime of
the ligand S; state in CH3CN of 0.25-1.25 ns (Table 2), one
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1.2 x 10°
0.9 x 10°

3.0 x 10°
1.4 x 10°

9.7 x 10°
1.4 x 10*

4.4 x10°
5.0 x 10®

obtains the rate constant of S; — °D, energy-transfer as
k% = (0.4 — 8) x 10° s™'. From the pair of eqn (4) and (5),
using the same analysis as was performed for the aqueous
solution, we find that the natural lifetime (1/ksp,) of Eu-L lumi-
nescence in CH;CN is about 1.1 ms; however the observed life-
time is shorter due to back energy transfer from the D, state
to the naphthalimide T, state. Fitting the data presented in
curve (2) in Fig. 13 with a two-exponential approximation
yields the observed lifetime of 0.8 ms, which is (expectedly)
longer than observed in water (0.27 ms) due to the absence of
O-H oscillators, which are known to be effective quenchers of
Eu-based emission,”” in MeCN. Kinetic parameters are sum-
marized in Table 5.

Conclusions

We have used a combination of laser flash photolysis, emis-
sion spectroscopy and DFT calculations to study the photo-
physical properties of H;L and its lanthanide complexes Eu-L
and Gd-L. The two main conclusions are as follows.

(i) The compounds aggregate at high concentrations, as
shown by appearance of a low-energy fluorescence band in
addition to the monomer fluorescence; from the concentration
dependence of this effect we could estimate the equilibrium
constants for aggregation (assuming a simple monomer/dimer
equilibrium) in different solvents.

(if) We also studied in detail the mechanism of energy
transfer in Eu-L. The sensitization of Eu(ui)-based emission
by the naphthalimide chromophore in Eu-L has both fast
(>10° s™") and slow (=10 s™") contributions. We suggest that this
occurs by energy-transfer from both the singlet S; (fast) and
triplet T, (slow) excited states of the naphthalimide chromo-
phore, with the balance between the two pathways arising
because S; — Eu(°D,) energy-transfer and S; — T, inter-system
crossing occur on similar timescales such that neither pathway
dominates completely. This is different from the usually
observed situation where sensitization of lanthanide lumines-
cence occurs exclusively from an aromatic ligand T; state.
However in Eu-L the fact that the naphthalimide unit is sepa-
rated from the Eu(m) ion by an ethylene spacer, and the poor
donor/acceptor overlap, make T; — Eu(’D,) energy-transfer
particularly slow. In addition this spatial separation will
weaken the heavy-atom effect which facilitates inter-system
crossing, which slows down the S; — T, conversion to the
extent that S; — Eu(’D,) energy-transfer becomes competitive.
S; — Eu(’D,) energy-transfer is inherently much faster than
T, — Eu(®D,) energy-transfer because of the much greater

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Fig. 14 Summary of the photophysical processes occurring in Eu-L. Naphthali-
mide-based states are on the left; Eu**-based states are on the right.

donor/acceptor spectroscopic overlap. A photophysical scheme
summarising the behaviour of Eu-L is in Fig. 14.
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