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Abstract—The fluorescence of a pyrene-arylmaleimide dyad and its Diels–Alder adduct can be thermally modulated through rever-
sible Diels–Alder reaction of arylmaleimide unit with furan. Moreover, the fluorescence intensities of the Diels–Alder adduct of
dyad 1 with furan vary linearly with the temperatures of the corresponding solutions, demonstrating that these molecules are inter-
esting compounds for studies of fluorescent molecular thermometers.
� 2005 Elsevier Ltd. All rights reserved.
Temperature is an important property of environment,
thus monitoring temperature is essential in many fields.
However, in some cases, like in micro-sized domains
or harsh environments, a conventional thermometer is
impractical.1 In this respect, the development of fluores-
cent molecular thermometers is highly desirable2a,b and
has the edge over physical thermal probes of tempera-
ture for fluid systems and systems under electromagnetic
irradiation in that flow patterns and field lines are not
disturbed by the presence of these molecular probes.2c–f

Several fluorescent molecular thermometers have been
described. They are based on exciplexe,3 excimers,4

cyclodextrin complexes of phosphors and intramolecu-
lar charge-transfer fluorophores,5 twisted TICT fluoro-
phores,1a polymers showing temperature-induced phase
transition,6 spin crossover complexes,7 vibrational
energy changes in the excited state,8 quasi-reversible
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photodissociation,9 and lanthanide complexes.10 Herein,
we report the synthesis and thermal modulation of the
pyrene-1,4-disubstituted arylmaleimide dyad 1 (abbrev.
as arylmaleimide, Scheme 1) and its Diels–Alder (D–
A) adduct 2. The results indicate that these molecules
are interesting compounds for studies of fluorescent
molecular thermometers.

The design rationale is based on the tuning of the
photoinduced electron transfer (PET) process within
dyad 1 through the reversible D–A reaction between
arylmaleimide unit and furan. In general, maleimide
is both a good electron acceptor and a reactive dieno-
phile. For instance, maleimide can react with furan
leading to the corresponding D–A adduct, and at ele-
vated temperature the retro D–A reaction occurs
(Scheme 2).11
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Compared with arylmaleimide itself, its D–A adduct
with furan shows weak electron accepting ability.12

Thus, it is possible to tune the electron accepting ability
of arylmaleimide through the reversible D–A reaction
with furan. Accordingly, in a dyad formed by linking
arylmaleimide to a fluorescent donor unit such as pyr-
ene, it would be possible to tune the intramolecular
PET process within this dyad, which in turn modulates
the fluorescence of pyrene unit. On one hand, it can be
expected that dyad 1 is weakly fluorescent owing to
the intramolecular PET process, and the fluorescence
of its D–A adduct 2 with furan (Scheme 1) would be en-
hanced, due to the fact that the electron acceptor unit in
the D–A adduct 2 becomes weaker and thus the corre-
sponding PET process would be prohibited. The D–A
adduct 2 can be converted to dyad 1 by heating. There-
fore, a thermal induced fluorescence switch can be real-
ized based on dyad 1 through reversible D–A reaction
with furan. It is worthwhile to mention that Li and co-
workers13 have reported very recently the reversible
fluorescence and aggregation behavior of multi-malei-
mides bearing electron-donating chromophores. On
the other hand, the reaction rates of both the D–A reac-
tion of arylmaleimide with furan and the corresponding
retro D–A reaction should be dependent on the temper-
ature of the solution. As a result, the fluorescence inten-
sity of the solution would become dependent on the
temperature of the solution. Thus, dyad 1 and its D–A
adduct 2 might be interesting compounds for studies
of fluorescent molecular thermometers.

The synthesis of the D–A adduct 2 is shown in Scheme
3. Reaction of 3, which was prepared by the reaction of
1-pyrenemethanol pyrene and 1,5-dibromopentane with the
usual procedure, and 414 in the presence of anhydrous
DMF
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K2CO3 led to the mixture of endo and exo isomers of
2.15 The separation of exo and endo 2 was achieved with
column chromatography. Structural assignment of the
endo and exo isomers was made based on the 1H
NMR spectra (see Supplementary data) according to
the previous results:16 the one with the chemical shift
of a-H at 3.67 ppm was endo 2 and that with the chemi-
cal shift of a-H at 2.98 ppm was exo 2. The retro D–A
reaction of the endo and exo isomers of 2 led to dyad
1.17 The retro D–A reaction of the endo isomer occurred
when the solution was heated to 60 �C in benzene. The
endo 2 was completely transferred to dyad 1 when the
solution was kept at 60 �C for 3 h. But, the correspond-
ing retro D–A reaction of exo 2 could not take place
until the solution was heated to 100 �C in toluene.

As expected, dyad 1 showed rather weak fluorescence
(Fig. 1) with low quantum yield18 at 20 �C (UF = 0.022
in DMF) due to the intramolecular PET reaction be-
tween the excited pyrene unit and arylmaleimide unit.
On the contrary, both endo and exo 2 were strongly fluore-
scent. The quantum yields of endo and exo 2 were deter-
mined to be 0.148 and 0.159, respectively, at 20 �C in
DMF. The strong fluorescence of endo and exo 2 was
due to the fact that the D–A adduct of arylmaleimide
and furan showed weak electron accepting ability com-
pared with arylmaleimide and as a result, the PET pro-
cess would be prohibited. These results indicated that
the fluorescence of dyad 1 can be reversibly modulated
in the presence of furan through the reversible D–A
reaction, and accordingly a thermally induced fluores-
cence switch can be established based on dyad 1.

The fluorescence spectra of dyad 1 in the presence of fur-
an or furfuryl alcohol were measured in the temperature
range of 25–60 �C. The fluorescence intensity of the
solution was enhanced by increasing the temperature
(see Supplementary data). Such fluorescence enhance-
ment was obviously due to the transformation of dyad
1 to 2. But, on the basis of 1H NMR data (see Supple-
mentary), the molar ratio of dyad 1 that was trans-
formed to endo and exo 2 was rather small.

The fluorescence spectra of endo 2 were measured at
different temperatures in DMF (Fig. 2A). Before each
measurement the solution of endo 2 was kept for
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Figure 1. Fluorescence spectra (kex = 340 nm) of dyad 1 (1.0 · 10�5 M)

and endo 2 (1.0 · 10�5 M) in DMF.
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Figure 2. (A) Fluorescence spectra (kex = 340 nm) of the DMF

solution of endo 2 (1.0 · 10�5 M) recorded over the temperature range

60–90 �C; Inset shows the IF at 394 nm versus temperature profile, and

the profile for the relative amount (in molar, x) of endo 2 that was

transformed to dyad 1 versus the temperature; (B) fluorescence spectra

(kex = 340 nm) of the DMF solution of exo 2 (1.0 · 10�5 M) recorded

over the temperature range 100–130 �C; Inset shows the IF at 394 nm

versus temperature profile, and the profile for the relative amount (in

molar, x) of exo 2 that was transformed to dyad 1 versus the

temperature.
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10 min at the temperature.19 As shown in Figure 2A, the
fluorescence intensity of the solution started to decrease
when it was heated to 60 �C, and further decrease was
observed at temperature higher than 60 �C. Such fluores-
cence reduction was due to the transformation of the
endo isomer of 2 into dyad 1 through the retroD–A reac-
tion. But, the decrease of fluorescence intensity stopped
when the temperature reached 90 �C. This was probably
due to the fact that the major fraction (�90%) of endo 2
in the solution was transformed to dyad 1 after the solu-
tion was heated at 90 �C for 10 min. The profile of the
fluorescence intensity of the solution, measured either
at 394 or 376 nm, versus temperature gave good linear
relationship (see the inset of Fig. 2A).

1H NMR spectra of the solution of endo 2 were recorded
after it was heated at 70, 80, and 90 �C, respectively, for
10 min (see Supplementary data). Based on these 1H
NMR data, the relative amount (in molar) of endo 2 that
was transformed to dyad 1 was estimated at each tem-
perature,20 and it increased linearly with the tempera-
ture as illustrated in the inset of Figure 2A. The 1H
NMR data also indicated that the amount (in molar)
of dyad 1 formed in the solution increased linearly with
the temperature. As mentioned above, endo 2 showed
strong fluorescence while dyad 1 displayed weak fluores-
cence. Thus, it was understandable that the fluorescence
intensity of the solution of endo 2 decreased linearly with
the temperature. The results of 1H NMR and fluores-
cence spectra were consistent.

Similarly, the fluorescence spectra of exo 2were alsomea-
sured after the solution was heated. As mentioned above,
the retroD–A reaction of the exo isomer of 2 occurred at
elevated temperature. As shown in Figure 2B, the fluores-
cence intensity of the exo isomer of 2 did not decrease
until the temperature reached 100 �C. Further fluores-
cence reduction was observed by increasing the tempera-
ture of the solution, but the fluorescence intensity reached
the minimum after the solution was heated at 130 �C for
10 min. As for the endo isomer of 2, there was a good lin-
ear plot of the fluorescence intensity at 394 or 376 nm ver-
sus the temperature of the solution as shown in the inset of
Figure 2B. Similarly, the relative amount of exo 2 (in
molar) that was converted into dyad 1 increased linearly
with the temperature (see inset of Fig. 2B).20

As control experiments, the fluorescence spectra of 1-
pyrenemethanol were measured in the mixed solvent of
THF/furan and DMF under the same conditions em-
ployed for dyad 1 and the endo and exo isomers of 2.
The results indicated that variation of the fluorescence
spectra of 1-pyrenemethanol under these conditions
was rather minor (see Supplementary data). Thus, it
could be ruled out that the change of the fluorescence
intensity of dyad 1 and endo and exo 2 was due to the
physical thermal effect.

In summary, the pyrene-arylmaleimide dyad 1 and its
D–A adduct 2 were synthesized and characterized. Dyad
1 was weakly fluorescent, while its D–A adduct, endo
and exo 2 showed strong fluorescence. This was because
arylmaleimide and its D–A adduct showed different elec-
tron accepting abilities, and as a result the PET pro-
cesses within dyad 1 and endo and exo isomers of 2
could be tuned through such D–A reaction. Accord-
ingly, a thermally induced fluorescence switch can be
established based on dyad 1. The fluorescence spectra
of dyad 1 containing furan (and furfuryl alcohol) and
those of endo and exo 2 were measured after being
heated at different temperatures. For the solutions of
endo and exo 2, the fluorescence intensities show good
linear relations with the temperatures of the correspond-
ing solutions in the ranges of 60–90 and 100–130 �C,
respectively. These unique properties indicate that endo
and exo 2 are interesting compounds for studies of fluo-
rescent molecular thermometers. Further investigations
including structural optimization (e.g., spacer and chro-
mophore unit) and dynamics of the corresponding D–A
reaction are underway.
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Supplementary data

Synthesis and characterization of dyad 1, the endo and
exo 2 and the reference compounds 5 and 6; the fluores-
cence spectra of dyad 1 in DMF/furfuryl alcohol; the
profiles for the relative fluorescence intensity versus
the reaction time for endo and exo 2; the plots of relative
intensity (I/I0) versus temperature for the solutions of
dyad 1, endo and exo 2 and 1-pyrenemethanol in differ-
ent temperature range; 1H NMR spectra of dyad 1, endo
and exo 2 after being heated; the differential pulse vol-
tammogram of compound 5 in DMF. Supplementary
data associated with this article can be found, in the
online version, at doi:10.1016/j.tetlet.2005.04.135.
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