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Abstract An investigation of the mechanism of the
fluorescence quenching by Cu2+ for a conjugated polymer
system initially designed as a fluorescence “turn-on”
chemosensor based on chelation enhanced fluorescence
(CHEF) is described in this paper. Unlike all other metal
cations tested, the polymer/Cu2+ hybrid system with a 1:1
ratio between the receptor and Cu2+ has only weak
fluorescence with λmax = 490 nm and a quantum yield of
0.004 in THF at room temperature. In solvent glasses at
77 K the fluorescence remained quenched suggesting that
the quenching mechanism was due to energy transfer
between the Cu2+ and the conjugated polymer backbone.
The energy transfer quenching competes effectively with
the electron transfer involved in the CHEF resulting in a
more selective chemosensory system.
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Introduction

The design of fluorescent chemosensors spans a wide
range of structures from small molecules to large conju-
gated polymers [1–3]. A continuing challenge is the
preparation of systems that have a fluorescence “turn-on”
response. Recently, we reported the synthesis of poly[p-
(phenyleneethynylene)-alt-(thienyleneethynylene)] (PPETE)
with a N, N, N’-trimethylethylenediamino receptor loaded
on the thienylene ring (tmeda-PPETE) (Fig. 1 left) based
on a strategy we advanced for a series of fluorescence
“turn-on” chemosensors [4]. A chelation-enhanced fluo-
rescence (CHEF) mechanism resulted from coordination
of a cation to the redox active amino receptor and
subsequent termination of a photoinduced electron transfer
(PET) quenching process between the fluorophore and an
electron donating receptor. Most cations, including Li+,
Na+, K+, Mg2+, Mn2+, Fe2+, Co2+, Ni2+, Cd2+, Zn2+, Hg2+,
Ca2+ and H+, were observed to turn on the fluorescence of
tmeda-PPETE to varying degrees [4–6]. Interestingly,
Cu2+ was found to exhibit a noteworthy quenching of
the fluorescence in this system [5]. We have made use of
this exceptional Cu2+ quenching to prepare an organic/
inorganic hybrid polymer with fluorescence “turn-on”
chemosensory behavior that was sensitive and selective
for iron cations [5].

Here we present a study of the fluorescence quenching
of tmeda-PPETE by Cu2+ in order to determine how the
quenching process competes with the CHEF “turn-on”
response. The investigation of copper quenching was
based on the photophysical properties of the model
PPETE, tmeda-PPETE and tmeda-PPETE/Cu2+ hybrid
system. The structures of the model PPETE, tmeda-
PPETE and the proposed structure of tmeda-PPETE/Cu2+

are shown in Fig. 1.
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Experimental

In this study, UV-vis spectra were obtained on a Perkin-
Elmer Lambda 2S spectrophotometer in room temperature
THF solution using 1 cm quartz cuvette cells. Fluorescence
spectra were measured on a SLM 48,000s spectrofluorom-
eter using an excitation wavelength of 408 nm. For all
optical experiments, the Cu2+ solution was prepared by
dissolving CuCl2 in water. The polymer solution was
prepared by dissolving the polymer in THF. Addition of
100 μL or 200 μL of 2.5×10P−4P M cation solutions into
the 50 ml polymer solution (5 μM with respect to the repeat
unit) was performed for each fluorescence emission
measurement. Fluorescence quantum yields were deter-
mined in argon degassed anhydrous THF, relative to
quinine sulfate in 0.5 M H2SO4 solutions with a reference
quantum yield of 0.546, using an excitation wavelength of
365 nm [7]. The experiments were repeated three times and
the final value of the quantum yields were reported as the
average within a deviation of ±0.01. Lifetime data were
obtained by time-correlated single photon counting at the
University of Pennsylvania as described previously [8].
Low temperature (77 K) fluorescence measurements were
completed in THF using an EPR tube inserted into a finger
dewar with liquid N2. For comparison, the room tempera-
ture fluorescence measurements for each sample were also
recorded on the same sample.

The synthesis of both tmeda-PPETE and model PPETE
have been reported previously [4, 6]. The tmeda-PPETE
was found to have a number average molecular weight of
3.67×104 g/mol with a polydispersity of 2.73 by Gel
Permeation Chromotography (GPC). The model PPETE
was found to have a number average molecular weight of
6.79×104 g/mol with a polydispersity of 2.97. Both
polymers have a maximum absorption around 450 nm and
an emission maximum around 490 nm. The absorption and
emission have been assigned to the same π-π* transition
from the conjugated polymer backbone [8, 9].

The quantum yields of tmeda-PPETE, model PPETE and
tmeda-PPETE with Cu2+ are shown in Table 1. The initial
decrease in quantum yield upon addition of the electron
donor receptor to the polymer backbone (tmeda-PPETE)
compared to the model polymer is consistent with photo-
induced electron transfer between the amino receptor and

the conjugated polymer backbone. An additional decrease
in quantum yields by an order of magnitude for tmeda-
PPETE/Cu2+ suggested an additional quenching mecha-
nism. This depression in the background fluorescence can
be utilized to improve the overall sensitivity of these
polymers as fluorescent turn-on sensors [5].

The fluorescence spectra of tmeda-PPETE in THF upon
titration of Cu2+ are shown in Fig. 2. In order to quantify
the change in fluorescence with concentration, Fig. 3 shows
the maximum fluorescence intensity change (I/I0) vs Cu2+

concentration (left axis) and the Stern-Volmer plot, I0/I vs
Cu2+ concentration (right axis). The maximum fluorescence
intensity was quenched by approximately 50% when
adding Cu2+ at a concentration (500 nM) equal to 10% of
the receptor concentration. With continued addition of Cu2+

up to 5 μM, the fluorescence was almost totally quenched
with less than 2% residual fluorescence. The nonlinear
Stern-Volmer relationship between I0/I and [Cu2+] is very
similar to previous studies about conjugated polymer “turn-
off” chemsensors based on the PPETE backbone as
described [8, 9]. However, those system did not contain
an electron donating receptor. Similar Cu2+ quenching
exception was also observed in some small molecule PET
fluorescence “turn-on” chemosensors [10–15]. The quench-
ing mechanism in these cases was attributed to either
electron transfer or energy transfer between the fluorophore
and the Cu2+. However, assignment of the specific
mechanism in the case of the polymer system has not been
reported.

There was negligible change in the absorbance spectra
when titrating the Cu2+ into the tmeda-PPETE solution. The
absorbance spectra were very similar to the spectrum for

Table 1 Quantum yields of tmeda-PPETE, model PPETE, and tmeda-
PPETE/ Cu2+

Samples Quantum yields

tmeda-PPETE 0.090
tmeda-PPETE/Cu2+

(cation/ receptor: 1/1 mole ratio)
0.004

Model PPETE 0.262

a The concentration of polymers was held at 5 μM with respect to the
repeat unit
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the polymer backbone in the model PPETE. All the
absorbance spectra were provided in the supplementary
information to this paper. However, the fluorescence life-
times were found to be nearly identical for the model,
tmeda-PPETE and tmeda-PPETE/Cu2+ solution. The emis-
sion decays for the fluorescence lifetime measurement were
best fit to a biexponential function for all polymers with
equal 0.5 ns and 0.2 ns components. These data suggest
that fluorescence quenching in this system is a static
binding process prior to excitation, rather than dynamic or
collisional in nature [16].

The tmeda-PPETE was initially designed as a fluores-
cence “turn-on” sensor with a chelation enhanced fluores-
cence (CHEF) upon the binding of cations to the receptor.
This assumption was consistent for all cations tested as
demonstrated by an increase the fluorescence intensity. The
exception of Cu2+ quenching could be explained by a
different binding mechanism for Cu2+ or direct interaction
with the polymer backbone. To address this question,
several experiments were attempted based on NMR and
EPR spectroscopies to show these binding modes. While
this data was found to be inconclusive, a titration of Cu2+

into a THF solution of model PPETE showed no change in
emission intensity or spectral profile. From this result, we
conclude that the chelating amino group is required for the
observed Cu2+ quenching.

Both energy transfer and electron transfer are possible
pathways to deactivate the fluorescence in the case of Cu2+

and have been discussed in some small molecule systems
by Fabbrizzi et al [11, 13]. Low temperature fluorescence
experiments in solvent glasses can be used to distinguish
between the energy transfer and electron transfer pathways.
Electron transfer involves charge separation during the

quenching process. This requires reorientation of the
solvent molecules in fluid solution. At liquid nitrogen
temperatures, 77 K, the frozen solvent glass would be
immobile and electron transfer would be inhibited. In
contrast, energy transfer does not involve any charge
transfer and would therefore not be limited in a frozen
solvent glass.

Parallel emission experiments carried out at room
temperature and in frozen solvent glasses at 77 K were
studied for the model PPETE, tmeda-PPETE and tmeda-
PPETE/Cu2+ (Fig. 4). The solutions were prepared to have
the same absorbance values (~ 0.15) at the excitation
wavelength (408 nm). Here the model PPETE was used as
a control for comparing the different fluorescence behaviors
of tmeda-PPETE and tmeda-PPETE/Cu2+ at room temper-
ature and low temperature.

In contrast to the room temperature results, the fluores-
cence intensity of the tmeda-PPETE were very close to that
of the model PPETE polymers at low temperature. The
recovery of the fluorescence for the tmeda-PPETE system
is consistent with termination of the photoinduced electron
transfer quenching between the amino receptor and polymer
backbone when frozen at low temperature. Interestingly the
fluorescence of tmeda-PPETE/Cu2+ did not reappear in the
frozen solution glass. This suggests that the quenching of
the polymer fluorescence by Cu2+ continues at low
temperature. Given that it has previously been shown that
energy transfer can continue in frozen glass matrices due to
lack of any additional electrostatic work terms as found in
electron transfer, we conclude that an energy transfer
mechanism is involved in this case [16].

There are three possible energy transfer mechanisms:
Trivial, Dexter, and Förster [17, 18]. The trivial mechanism
involves emission and reabsorption of a photon and is only
significant in very long range systems. The Dexter energy
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transfer mechanism requires electronic overlap of the
orbitals involved. In the small molecule sensors, this
mechanism was found to be dominant due to the flexibility
of the spacer and close contact between the cation and
excited fluorophore [17, 18]. The Förster energy transfer
mechanism involves dipole-dipole coupling between the
donor and acceptor. It is commonly found in conjugated
polymer systems involving long range exchange of excita-
tion energy through space without a path of direct orbital
overlap [17, 18]. In this case, overlap of the emission and
absorption spectrum is the key factor and there is no
dependence on conjugation.

Based on the flexibility and conjugation between the
polymer backbone and the receptor, the Dexter energy
transfer is most likely in the tmeda-PPETE/Cu2+ as shown
in Fig. 5. Previous studies with this polymer system have
demonstrated fluorescence quenching based on a Dexter
mechanism as well [8]. Due to the Jahn-Teller effect, Cu2+

with a d9 electronic configuration is known to have an
elongated-octahedral structure that would further suggest
the Dexter energy transfer mechanism via a direct orbital
overlap between the fluorophore and the cation [10, 11, 13].
It is possible that only Cu2+ has sufficient orbital overlap
compared to the other ions tested. Further computational
studies are necessary to confirm this assignment.

There are several other interesting observations that can
be made from the low temperature spectra. Both the model
PPETE and tmeda-PPETE emission spectra undergo a red
shift at low temperature. The red-shift of model PPETE is
from 498 nm to 508 nm and from 530 nm to 534 nm, for

the peak and the shoulder, respectively, while peak of the
tmeda-PPETE shifted from 494 nm to 504 nm. This could
be attributed to increased rigidity of the polymer backbone
at 77 K and an increase in conjugation. This could be useful
in the preparation of next generation chemosensors since
this should result in improved sensitivity.

Another observation is that the emission spectral profiles
of the model PPETE and tmeda-PPETE at 77 K were
different from those at room temperature. Another obser-
vation is that the emission spectral profiles of the model
PPETE and tmeda-PPETE at 77 K were different from
those at room temperature. At room temperature, both
spectra had similar profile with a peak around 495 nm and a
shoulder around 530 nm. This can be attributed to
vibrational fine structure on the π-π* electronic transition
in the conjugated polymer backbone. At low temperature,
the different substituents in each system cause a significant
shift in the vibrational structure. In particular, the model
polymer shows an enhancement in the second vibrational
component suggesting that more distortion in the excited
state is present in this system.

Conclusion

The competition between fluorescence quenching and
chelation enhanced fluorescence for tmeda-PPETE upon
binding Cu2+ has been studied. Literature and experimental
investigations suggest that the d9 electronic configuration
and Jahn-Teller distorted orbital shape of Cu2+ make this
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binding unique compared to all other cations studied
previously. With Cu2+, fluorescence quenching dominates
the interaction, an effect which can be exploited to create a
new class of fluorescent sensors [4]. To our knowledge, this is
the first time this phenomenon has been found in a conjugated
polymer system, though some small molecule fluorescence
PET “turn-on” sensors also showed quenched fluorescence
effects when binding with Cu2+ [10–15]. In addition, the
magnitude of the quenching was enhanced compared to
small molecule sensors for Cu2+ due to energy migration of
the exciton along the “molecular wire” backbone [19, 20].
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