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bstract

This paper studies the change in the color from violet to green of pyrromethene 650 (PM650) dye observed in certain N,N′-dialkyl-amides
haracterized by their high electron-donor ability and low proton-donor capacity. For this purpose, the photophysical properties of PM650 are
egistered in diluted solutions of several amides, including dimethylformamide/dioxane mixtures. The color change of PM650 is discussed on the

asis of the formation of new hypsochromic absorption and fluorescence bands, which are assigned to the formation of new chromophoric species
s consequence of a specific reaction between PM650 and the amide solvents. The influence of the ageing time of the sample and the temperature
n the color change is also discussed. In some cases the ageing leads to the bleaching of the dye.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The study of the photophysical properties of laser dyes is of
reat scientific and technological interest because of the impor-
ant implications in photonics (active media of tunable lasers), in
ptics (mainly in the design of new non-linear optical devices)
nd in the development of new fluorescence probes and sen-
ors [1–4]. Dye lasers are widely used in spectroscopic research
nd in technology because of their unique characteristics, such
s ultrashort pulse laser signal, tunable availability, energy effi-
iency, etc. [5,6]. With the aim of improving the photophysical
nd lasing properties of laser dyes, Boyer et al. studied a new
lass of dyes, the dipyrromethene-BF2 complexes (PM), synthe-
ized by means of the fluoroboration of two pyrrol units linked
y a methylene group [7].

PM dyes have demonstrated excellent photophysical and las-
ng characteristics [8–16]. They exhibit strong absorption and

uorescence bands from the yellow to the near-red region of the
isible spectral region, with high fluorescence quantum yields
nd lasing efficiencies. This is in part due to their quasi-aromatic

∗ Corresponding author. Tel.: +34 94 601 59 71; fax: +34 94 601 35 00.
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haracter of the chromophoric system [17], which decreases
he intersystem-crossing probability, reducing the ability for the
riplet–triplet absorption, one of the most important reasons for
he losses in the resonator cavity. Moreover, PM dyes are also
haracterized by a high photostability improving the operative
ifetime of the photoresponse signal of these dyes [18,19]. PM
yes have been also successfully applied as fluorescent probes
f several biological systems [20–23].

The application of dyes as fluorescent molecular probes and
ensors are based on the changes in the photophysical prop-
rties of the chromophoric system with the physicochemical
roperties of the environment and/or with the presence of any
pecific molecule [24–31]. The photophysics of alkyl-, aryl-
r acetoxymethylene derivatives of PM dyes do not shown an
mportant dependence on the nature of the solvent [8,16,32].
owever, important bathochromic shifts in the absorption and
uorescence bands are observed for the PM650 dye when the
nvironment was changed from apolar solvents to polar/protic
edia [33]. This derivative is characterized by a strong electron-
ithdrawing cyano group at the 8-position of the PM chro-

ophoric �-system (Fig. 1). The bathochromic spectral band

hift was assigned to an intramolecular electron transfer (ICT)
rocess from the aromatic ring to the cyano group, which is
avored in polar media. The formation of ICT from the fluo-

mailto:fernando.lopezarbeloa@ehu.es
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Fig. 1. Molecular structure of pyrromethene 650.

escent excited state of PM650 also reduces the fluorescence
uantum yield and lifetime of the dye in polar/protic envi-
onments. This study was conducted in multitude of apolar,
olar/aprotic and polar/protic solvents [33]. During this study, it
as observed a change in the color of PM650 after the prepara-

ion of the samples in certain solvents, mainly in amides, which
an be characterized by their high electron-donor capacity and
heir low proton-donor ability.

The object of the present work is to characterize the nature
f the color change of PM650 in electron-donor solvents. For
his purpose the absorption and fluorescence spectra of PM650
re recorded as a function of the ageing time of the samples in
hose solvents in which the change in the color of the dye was
bserved by the naked eye, mainly in polar basic amides.

. Experimental

Pyrromethene 650 (8-cyano-1,2,3,5,6,7-hexamethyl-4,4′-
ifluoro-4-bora-3a,4a-diaza-s-indacene) was purchased from
xciton (laser grade) and used as received. Dilute solutions

2 × 10−6 M) in different media were prepared by adding the
orresponding solvent (25 cm3) to an adequate amount of a stock
olution of PM650 in acetone (∼10−3 M) after vacuum evapo-
ation of acetone. All solvents were of spectroscopy grade and
ere used without further purifications.
UV–vis absorption and fluorescence spectra were recorded

n a Cary 4E spectrophotometer and on a Shimadzu RF-5000
pectrofluorimeter, respectively, with 1-cm quartz cells. Fluo-
escence spectra were corrected from the monochromator wave-
ength dependence and the photomultiplier sensibility. Fluores-
ence quantum yield (φ) was evaluated using a diluted solution
f PM650 (after excitation at 540 nm) or PM567 (after excitation
t 470 nm) in methanol as reference (φ = 0.06 and 0.91, respec-
ively [33,34]) and by taking into account the solvent refractive
ndex.

Radiative decay curves were registered with the time corre-
ated single-photon counting technique (Edinburgh Instruments,

odel FL920). Emission was monitored at the maximum of
he fluorescence band, after excitation at 410 nm by means of a
iode laser with 150 ps FWHM pulses, 10 MHz repetition rate
nd a power supply of 0.65 mW (PicoQuant, model LDH410).

he fluorescence decay curves, after the deconvolution of the

nstrument response function detected by a Ludox scatter, were
nalyzed as monoexponentials (statistical parameter χ2 < 1.2),
xcept in the mentioned cases, and the fluorescence lifetime (τ)
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as obtained from the slope. The experimental errors in the φ

nd τ values are estimated to be 5 and 1%, respectively. The
emperature of the samples was controlled by an external flow
f thermostatized water.

1H NMR spectra were taken on an INOVA-300 spectrom-
ter. Mass spectra were recorded by electron impact (70 eV)
n a Hewlett-Packard 5973 spectrometer in the direct injection

ode and by electrospray positive mode in a Hewlett-Packard
100 spectrometer. HPLC analysis were registered with Agi-
ent Tech. Series 1100 apparatus with C18 reverse phase col-
mn, acetonitrile/water 9:1 as eluent and the flow was fixed at
mL min−1.

. Results and discussion

The general photophysical properties of PM650 dye in sev-
ral media have been already discussed in a previous paper
33]. However, it was observed that in some solvents (e.g. N,N-
imethylformamide, DMF, or N,N-dimethylacetamide, DMA)
he color of the solution changes from violet, the normal tonal-
ty of PM650 dye, to green just after sample preparation. Both
,N′-dialkylamide solvents are characterized by their polar and
asic characters, as is reflected by the corresponding Taft param-
ters [35] of polarity (π* = 0.88 for both solvents) and basicity
β = 0.69 and 0.76 for DMF and DMA, respectively) [36]. On
he other hand, when PM650 was dissolved in other N-alkyl or
on-alkyl amides, such as N-methylformamide (MF) and for-
amide (F), the change in the color of the dye was observed

o be much slow and it took place over a few days after sam-
le preparation. With respect to N,N′-dialkyl-amides, these last
olvents are characterized by a slightly higher polar character
π* = 0.90 and 0.97 for MF and F, respectively) and a similar or
ower basicity (β = 0.80 and 0.48, respectively), but these sol-
ents are more acid (Taft parameters: α = 0.62 and 0.71, for MF
nd F, respectively) than DMF or DMA (with α = 0) [36]. From
hese observations, it can be concluded that the environmen-
al acidity/basicity affects the change in the color of PM650,
lowing down the process by increasing/decreasing the acid-
ty/basicity of the solvent. Consequently, PM650 dye can be
sed as a molecular probe to characterize the acid/base charac-
er of the surrounding.

In other non-amide solvents with high electron-donor ability
such as acetone, 2-pentanone, ethyl acetate and diethyl ether),
he change of the PM50 color was not observed. However, the
amples became nearly transparent after several days. In apo-
ar (c-hexane), low-basic (dioxane) and polar/protic (methanol)
olvents the PM650 color remained unaltered for several weeks.
uch effects, to our knowledge, have never been reported before

n any PM dyes, and should be related with the presence of the
yano group in the chromophoric �-system of PM dyes and the
ature of the solvents (polar and basic environments).

Fig. 2 compares the absorption and fluorescence spectra of
M650 in DMF and in acetone, solvents with similar polar-
ty and basicity, just after sample preparation. The absorption
nd fluorescence bands of PM650 in acetone are centred at 588
nd 606 nm, respectively, which are the responsible for the vio-
et color of PM650. These spectral bands are red-shifted with
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Fig. 2. Absorption and fluorescence spectra (scaled to its φ value), and fl

espect to other PM dyes with alkyl- and/or acetoxy-substituents,
ith typical absorption and fluorescence bands at around
80–550 nm [16]. The absorption and fluorescence bands of
M650 in DMF are drastically shifted to higher energies (100 nm

n absorption and 70 nm in fluorescence) with respect to those in
cetone, leading to an important Stokes shift (up to 2000 cm−1)
n the former solvent, probably one of the highest values reported
or PM dyes. The spectral bands of PM650 in DMF remind to
hose observed for other PM alkyl-derivatives [16].

The absorption and fluorescence intensities of PM650 in
MF decrease and increase, respectively, with respect to the val-
es in acetone (Fig. 2), leading to a significant improvement in
he fluorescence quantum yield (φ) of PM650 in the former sol-
ent. The φ value of PM650 in acetone (∼0.1, Table 1) is much
ower than any other values reported for other PM dyes (φ ≥ 0.5),
hich was previously assigned to an extra non-radiative deac-

ivation via an intramolecular charge transfer (ICT) state of
M650 in polar solvent [33]. Indeed, the fluorescence lifetime
f PM650 in acetone (τ ∼ 1 ns, Table 1) is also much lower
han other PM dyes (τ ≥ 4 ns). However, the φ and τ values
f PM650 in DMF and in DMA (Table 1) do not correspond
o those expected for the polarity of these solvents, suggesting
he absence of this extra non-radiative deactivation of PM650

n DMF and DMA. Furthermore, the hypsochromic absorption
nd fluorescence bands of PM650 in amides tend to disappear
fter ageing the samples during several weeks.

n
d
t

able 1
hotophysical properties (absorption and fluorescence wavelength, λab and λab, and flu
reparation (t = 0) and for 1 week ageing in amide solvents (DMF: N,N-dimethylform

t = 0

λab (nm) λfl (nm) φ τ (ns

MF 481 536 0.40 5.15
MA 479 535 0.38 5.25
F 592 611 0.08 1.59

594 616 0.05 1.41
ioxane 590 607 0.19 2.89
cetone 588 606 0.11 1.81

he photophysics of PM650 in dioxane and acetone are also included for comparison
ence decay curves of PM650 (2 × 10−6 M) in DMF (a) and acetone (b).

To get a deeper understanding of this change in the color and
osterior degradation of PM650 dye in amides, the photophysi-
al properties of the dye have been registered at several ageing
imes in DMF/dioxane mixtures with different DMF contents
4, 8, 16, 32 and 64%, v/v). Dioxane can be considered as an
chemically inert” solvent for PM650, since the photophysical
roperties of this dye do not show any time evolution in this
olvent at least during 1 month. Fig. 3 shows the evolution of
he absorption and fluorescence spectra with the DMF concen-
ration for three ageing times: after sample preparation (t = 0,
eft), 1 day (middle) and 1 week (right).

For t = 0, no changes are observed in absorption spectra for
ow DMF content mixtures (<16%), with absorption centered
t around 590 nm (Fig. 3, left-top, curves a–d). However the
uorescence intensity (at λ = 605 nm) progressively decreases
ith the DMF content (Fig. 3, left-bottom, curves a–d). These

esults indicate that the fluorescent spectroscopy is a more sen-
itive technique than the absorption one and suggest that the
hanges in the photophysics of PM650 is observed just after
ample preparation, even for low DMF contents. The freshly
repared sample with moderated DMF content (32%, curves e)
hows a slight decrease in the absorption intensity, while for
amples with higher DMF content (>64%, curves f and g) a

ew absorption band appears at higher energies (∼480 nm) in
etriment of the normal absorption band of PM650. The exci-
ation at this hypsochromic band provides a new fluorescence

orescence quantum yield and lifetime, φ and τ) of PM650 dye just after sample
amide; DMA: N,N-dimethylacetamide; MF: methylformamide; F: formamide)

t = 1 week

) λab (nm) λfl (nm) φ τ (ns)

484 535 0.44 5.13
477 532 0.42 5.19
455 535 0.31 5.06
451 540 0.16 4.59
589 606 0.18 2.85
588 605 0.07 1.55

[33].
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ig. 3. Absorption (top) and fluorescence (bottom) spectra of PM650 (3 × 10−
4% (f) and 100% (g) of DMF at three ageing times [t = 0 h (left), t = 1 h (middl

and placed at 538 nm with a higher φ value than that in pure
ioxane.

The decay curves of PM650 in DMF/dioxane mixtures, excit-
ng at 410 nm and monitoring the emission at 605 nm, can be
dequately analyzed as a single exponential, except in the sam-
le of 32%, where the evolution of one fluorescent band to the
ther begins to be observed. In this case the fluorescence decay
s analyzed as a biexponential, with a short lifetime of 1.64 ns
and a preexponential factor of 77%), which is shorter than
hat normally observed for PM650 in pure dioxane (τ = 2.8 ns).
he long lifetime component (4.95 ns) matches that observed in
ure DMF (5.15 ns), registered at 540 nm. For low DMF con-
ent mixtures (0–16%), the fluorescence lifetime observed at
05 nm as a monoexponential decay decreases with the DMF
ontent. For the 64% mixture the fluorescence lifetime recorded
t 535 nm is the same as that observed in pure DMF. Conse-
uently, the presence of DMF in dioxane leads to an extra non-
adiative deactivation of the 605 nm emission by a bimolecular
echanism.
The effect of the DMF content on the absorption and flu-

rescence bands of PM650 is more prominent after 1 day of
ample preparation (Fig. 3, middle). The sample with a moder-
te DMF content (32%, curves e) clearly presents the spectral
ands at higher energies and the spectral changes are observed
or low DMF contents (<16%, curves a–d). The fluorescence
and of PM650 in high contents of DMF (>64%, curves f and g)
resents an important increase in its intensity. In this case, the
iexponential decay curve is recorded for the 16% DMF sample.

hese spectral changes are even more pronounced for sample
geing for 1 week (Fig. 3, right).

Besides all these changes in the normal bathochromic absorp-
ion and fluorescence bands of PM650, the intensity of the hyp-

t
D
a
a

in several DMF/dioxane mixtures: 0% (a), 4% (b), 8% (c), 16% (d), 32% (e),
t = 1 week (right)].

ochromic absorption (around 480 nm) and fluorescence (around
30 nm) bands progressively decreases with respect to those
ands observed after 1 day of ageing. Thus, after 1 month (data
ot shown), the PM650 samples in moderated-high DMF con-
ent (>16%) are completely bleached and only the sample in pure
MF presents the PM650 spectral bands. These observations

ndicate that the bleaching process of PM650 becomes slower
s the basicity of the solvent increases (i.e., in pure DMF).

In order to carry out a more profound study of the color
hange and bleaching of PM650 in amides, other factors affect-
ng these processes are now analyzed. For instance, and as is
uantitatively discussed later, the increase in the temperature
avors the loss of the bathochromic absorption (590 nm) and flu-
rescence (605 nm) bands of PM650 in DMF/dioxane mixtures.
he reversibility of this process has been experimentally tested
y suddenly increasing and decreasing the temperature of the
ample in order to check if the bathochromic bands are recov-
red. This was performed for the 32% DMF mixture. After 1 h
f ageing at room temperature, the sample was abruptly heated
t 60 ◦C for a short time (∼3 min), for which a decrease in the
90 nm absorption band was observed (∼55% of the original
and). After a fast cooling (∼5 min) of the sample to achieve
5 ◦C, the absorption spectrum did not reach the original band.
uring the time used for this experimental procedure (∼10 min),

he absorption spectrum of PM650 in 32% DMF kept at room
emperature did not significantly change (the loss in the absorp-
ion intensity was <5% of its original value). So, from these
esults, it can be concluded that the loss in the 590 nm absorp-

ion band and 605 nm fluorescence band of PM650 with the
MF content is an irreversible process. Indeed, it is ascribed to
chemical reaction between PM650 and DMF molecules, with
n associated activation energy (see below). Since these changes
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ig. 4. Absorption spectra of PM650 (4 × 10 M) for different ageing times: 1
h (k) in two DMF/dioxane mixtures [16% (left) and 48% (right)]. The inset of
rst- and second-order kinetics) and 480 nm (right) with the ageing time of the

re only observed in the PM650 derivative, the chemical reaction
as to be related with the cyano group of this dye.

Several techniques (1H NMR, mass spectrometry, HPLC)
ave been applied to confirm and to characterize the chemical
tructure of the products. HPLC analysis indicates the appear-
nce of several products, the main of which (with an absorption
and at around 470 nm) shows a lower retention time (1.4 min
n a C18 reverse phase column and using acetonitrile/water 9:1
s eluent) than that of PM650 (2.0 min). This compound should
e the responsible for the new green color of the samples. The
tructure of this decomposition product is still unknown, but
reliminary 1H NMR data of a minimum amount of this com-
ound seem to indicate the disappearance of the methyl groups
t positions 2 and 6 in PM650 and their substitution by hydrogen
toms, with a non-hydrogen substituent at the 8-position. There-
ore the cyano group is not exchanged by a proton but probably
t is reconverted into a carboxylic group. The absence of the BF2
roup in the molecule cannot be discarded. Other analytical data,
uch as MS spectra under different conditions, did not help in
he structure elucidation. Work in progress will try to clarify this
tructure. A second minority compound (detected in the HPLC
t a retention time of 1.5 min, with an absorption band centered
t around 520 nm) could be related with the loss of the cyano
roup from the aromatic �-system of the PM650 core.

Quantum mechanics calculations at the TD-B3LYP level with
he valence double-zeta 6-31G basis set confirm that both chem-
cal structures would lead to a hypsochromic shift of the S0–S1
ransition with respect to that of PM650, as it is experimen-
ally observed. Concretely, the absorption band of the PM650
erivative without methyl groups at positions 2 and 6 and a car-
oxylic group at position 8 should be shifted around 3100 cm−1

o lower energies with respect to the PM650 dye, whereas a

ower hypsochromic shift of 2370 cm−1 should be expected for
he PM650 derivative without the cyano group at position 8.
lthough these theoretical shifts do not exactly match the exper-

mental results (for instance, 3880 and 2280 cm−1 for the 480

l

a), 1 h (b), 3/2 h (c), 2 h (d), 5/2 h (e), 3 h (f), 4 h (g), 5 h (h), 6 h (i), 7 h (j) and
the figures include the evolution of the absorbance at 590 nm (left, following a
ponding samples.

nd 520 nm absorption band with respect to the 590 nm band of
M650), they can semiquantitatively explain the general evolu-

ions.
The kinetics of the chemical reaction between PM650 and

MF is now analyzed from the time-evolution of the disappear-
nce and appearance for the bathochromic (at 590 nm) and hyp-
ochromic (at 480 nm) absorption bands observed for PM650 in
MF/dioxane mixtures. Fig. 4 shows the time-evolution absorp-

ion spectra of solution 4 × 10−6 M of PM650 in two mixtures of
MF/dioxane with 16 and 48% (v/v) in DMF during the eight
rst hours after sample preparation under continuous irradia-

ion at 650 nm. The former mixture illustrates the loss in the
90 nm absorbance giving rise to isobestic points at 500 and
10 nm (Fig. 4, left), whereas the more concentrated DMF mix-
ure mainly reflects the time-evolution of the 480 nm absorption
and (Fig. 4, right). Taking into account the precedent spectra
or the 16% DMF content for t = 0 and 1 day (Fig. 3, top, left
nd middle), the continuous irradiation of the sample at 650 nm
ould favor the chemical reaction between PM650 and DMF.

Taking into account that DMF is in excess with respect
o PM650, the [DMF] can be considered constant during the
eaction and the rate for the disappearance of PM650 can be
xpressed by

d[PM650]

dt
= k[PM650]a[DMF]b = kcb

0[PM650]a (1)

here a and b are the kinetic order for PM650 and DMF, respec-
ively, and c0 is the analytical concentration of DMF in the mix-
ure. The integrated equations for the pseudo-first order (a = 1)
nd the pseudo-second order (a = 2) with respect to PM650 are
iven by Eqs. (2) and (3), respectively:
n[PM650]t = ln[PM650]0 − kcb
0t (2)

1

[PM650]t
− 1

[PM650]0
= kcb

0t (3)



nd Photobiology A: Chemistry 184 (2006) 298–305 303

t
o
s
i
s
r
v
o
f

m
4
a
r
u
fi
4
t
P
t

p
f
g
D
t
t
p
a
i
p
t
J
P
t
t
i

F
w
a

t
a
i
E

l

w
a

f

a

F
t

J.B. Prieto et al. / Journal of Photochemistry a

The concentration of PM650 at any time, [PM650]t, is propor-
ional to the absorbance of the sample at 590, A590. The evolution
f ln A590 and 1/A590 versus time for the 16% DMF mixture is
hown in the graphic inset in Fig. 4 (left). From this graphic it
s clear that the reaction of PM650 with DMF follows a pseudo-
econd-order kinetic with respect to PM650 (1/A590 versus t,
= 0.9998), rather than a pseudo-first-order kinetic (ln(A590)
ersus t, r = 0.9952) where a non-linear distribution is actually
bserved. For higher DMF content mixtures, the kinetic order
or the loss of the 590 nm absorption band is not so clear.

On the other hand, for the mixture of 48% in DMF, the for-
ation of the new hypsochromic absorption band of PM650 at

80 nm is favored up to an ageing time of 90 min, after which the
bsorbance decreases progressively (see inset graphic in Fig. 4,
ight). This observation confirms the presence of two consec-
tive mechanisms for the PM650 in electron-donor solvents: a
rst process involved with the formation of the hypsochromic
80 nm absorption band, due to the PM650-DMF chemical reac-
ion in detriment of the 590 nm absorption band owing to free
M650; and a second slower process related with the degrada-

ion (bleaching) of the dye.
To assess if the bleaching of PM650 is due to an oxidation

rocess, the absorption spectra of the dye were recorded as a
unction of the ageing time in an inert atmosphere by flowing N2
as through the sample. The experiment was performed for the
MF/dioxane mixture with a DMF content of 25%. Experimen-

al results reveal that similar time-evolutions for the detriment of
he 590 nm absorption band were detected with and without the
resence of O2. The formation of the 480 nm absorption band
nd its posterior degradation are slightly slowed down when O2
s removed from the sample. In any case, the PM650 dye is com-
letely bleached after 24 h of ageing, and it can be concluded
hat degradation of PM650 is not an oxidative process. Indeed,
ones et al. [37] reported a high oxidation potential (1.17 eV) for

M650, the highest value among several PM dyes, probably due

o the withdrawing effect of the cyano group. At this moment,
he nature of the PM650 bleaching due to the presence of DMF
n dioxane is not clear.

v
a
t
e

ig. 6. Evolution of the absorption (left) and fluorescence (right) spectra of PM650 w
he 32% DMF/dioxane mixture. The corresponding Arrhenius plot is included in the
ig. 5. Linear relationship fit of Eq. (4) for the absorbance at 590 nm of PM650
ith different contents of DMF in DMF/dioxane mixtures after 1 day of sample

geing.

The kinetic order with respect to DMF can be obtained from
he evolution of the [PM650] (proportional to A590) with the
nalytical concentration of DMF (c0) for a given time. Taking
nto account the second-order kinetics with respect to PM650,
q. (3) can be transformed in

n

(
[PM650]0 − [PM650]

[PM650]

)
= ln

(
A0

590 − A590

A590

)

= ln(ktA0
590) + b ln(c0) (4)

here A0
590 is the absorbance at 590 nm of PM650 in pure diox-

ne. From Eq. (4), the kinetic order of DMF can be evaluated

rom the slope of the linear relationship between ln

(
A0

590−A590

A590

)
nd ln(c0) for a constant time after sample preparation. The

alidity of Eq. (4) in the present system is checked for samples
geing during 1 day (Fig. 5). The relative good linear correla-
ion (r = 0.987) suggests the validity of both Eqs. (3) and (4)
quations and, from the slope = 3.11, a b ≈ 3 value is obtained.

ith the temperature: 25 ◦C (a), 30 ◦C (b), 40 ◦C (c), 50 ◦C (d) and 60 ◦C (e) for
absorption spectra.
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imilar results are obtained for other ageing times, confirming
third-order kinetics with respect to DMF.

Finally, the activation energy for the chemical reaction can
e evaluated from the evolution of the absorption band with the
emperature. Fig. 6 shows the absorption and fluorescence spec-
ra of PM650 in a 32% DMF content amide/dioxane mixture at
5, 30, 40, 50 and 60 ◦C registered after 1 h of sample prepara-
ion. Under these experimental conditions the two hypso- and
atho-chromic bands are clearly observed in both absorption and
uorescence spectra, and the thermostatization times of the sam-
le were reduced as far as possible in order to reduce the influ-
nce of the ageing time in the recorded spectra (around 7 min for
hermostatization and recording at each temperature). The total
ime used in this temperature-dependence study was lower than
0 min. The 590 nm absorption band decreases when the tem-
erature is raised, whereas that at 480 nm reminds unaltered.
he temperature effect induces a decrease in the fluorescence
and at lower energies (λ ∼ 605 nm) while that at higher energies
λ ∼ 535 nm) increases. Thus, the temperature favors the change
n the PM650 color observed in electron-donor solvents, con-
rming that the chemical reaction requires an activation energy.
he energy barrier for this process can be estimated from the
volution of the intercept of Eq. (4) with the temperature, which
s identified with the evolution of the rate constant with the
emperature. The corresponding Arrhenius plot is inset Fig. 6
left) and, from the corresponding slope, an activation energy of
12 kJ mol−1 is obtained for the present system.

. Conclusions

The presence of a cyano group at the position 8 of the
yrromethene–BF2 chromophoric system induces important
hanges in the photophysical properties of PM dyes. The absorp-
ion and fluorescence bands of PM650 are bathochromically
hifted with respect to other alkyl-, aryl- and methylene-acetoxy-
M analogs, mainly in polar solvents, and these environments
avor the non-radiative deactivation of PM650 via an intramolec-
lar charge transfer state formed between the cyano group and
he chromophoric core of the dye [16]. However, PM650 in
olar solvents with high electron-donor ability, such as amides,
resents new absorption and fluorescence bands shifted towards
igher energies, giving rise to new spectral bands close to those
bserved in alkyl-PMs. This behavior is attributed to a chemical
eaction between the PM650 dye and the amide molecules of
he solvent. The chemical structure of the products are uncer-
ain, although they should be related with a loss of the cyano
roup at position 8 and/or the methyl group at positions 2 and 6
f the chromophoric ring of the dye. The drastic changes in the
hotophysical properties of PM650 in electron-donor solvents
bserved in the present work suggest that PM650 could be used
s a molecular probe to characterize the electron-release ability
f surrounding molecules.
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