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ABSTRACT: The efficiency of dimethyl iodoterephthalate (I-DMT), 2,6-dimethyl 1-benzoylnaphthalate
(BZN), and 2,6-bis(2-hydroxyethylthio)naphthalene (NSEG) at quenching the fluorescence of the poly-
(ethylene 2,6-naphthalenedicarboxylate) (PEN) matrix has been investigated by steady-state and time-
resolved fluorescence spectroscopy. All three quenchers are capable of capturing the energy migrating
between naphthalene dimers. Steady-state fluorescence data indicate that, after the quencher has trapped
the migrating energy, the excited quencher can relax either via nonradiative processes (I-DMT) or via
radiative processes (BZN and NSEG). Fluorescence decay measurements show that NSEG quenches PEN
fluorescence best, followed by BZN, and I-DMT is the worst quencher. Quenching efficiency of a given
quencher increases linearly with quencher concentration, for quencher contents below the overlap
concentration, for which the entire polymer matrix is covered by quenchers. Above the overlap
concentration, quenching efficiency increases at a slower pace because any additional quencher quenches
an already quenched volume. Our experimental results could be interpreted by compartmentalizing the
quenching process in the polymer matrix. Compartmentalization could be handled by a blob model, which
was applied to quantify the quenching efficiency of I-DMT and BZN.

Introduction

Poly(ethylene 2,6-naphthalenedicarboxylate) (PEN)
exhibits higher oxygen and carbon dioxide barrier
properties, higher glass transition temperature, higher
melt temperature, higher tensile strength, and a higher
modulus than poly(ethylene terephthalate) (PET). These
features make it a desirable material for certain pack-
aging applications, were it not for PEN’s strong bluish
fluorescence, which arises from the naphthalene moi-
eties constituting the polymer matrix. PEN’s inherent
fluorescence yields products with unappealing appear-
ance, a serious drawback for a material destined for
packaging applications.1

This problem led to several studies aimed at better
understanding the photophysical processes taking place
inside the PEN matrix.1-5 Over the years, it was
determined that, in the bulk, PEN is made of naphtha-
lene monomers and ground-state (GS) dimers. Excita-
tion of the PEN matrix results in the formation of
excited monomers and dimers. The energy can migrate
between monomers, between dimers, and can be trans-
ferred from an excited monomer to a GS dimer. How-
ever, the back-reaction involving the transfer of energy
from an excited dimer to a ground-state monomer is
expected to be the least favorable of all photophysical
processes.2

Although energy migration between naphthalene
monomers and GS dimers can be looked at as a serious
complication for a careful photophysical study of PEN,
it is a very advantageous feature when the objective is
to reduce fluorescence. As a matter of fact, it is expected
that the insertion of a nonfluorescent (NF) quencher in
the PEN matrix will intercept the migrating excitation

before it can find a PEN fluorescent trap (typically a
naphthalene GS dimer), resulting in more efficient
quenching. The quencher would play the same role as
a reaction center in plants.6 As in plants where energy
migrates between chlorophyll pigments until a reaction
center is encountered, the energy would migrate inside
the PEN matrix until the inserted NF quencher would
be encountered. This effect has been coined the antenna
effect.7

Three quenchers were considered in this study. They
were dimethyl iodoterephthalate (I-DMT), 2,6-dimethyl
1-benzoylnaphthalate (BZN), and 2,6-bis(2-hydroxyeth-
ylthio)naphthalene (NSEG). These quenchers were co-
polymerized with dimethyl 2,6-naphthalenedicarboxyl-
ate and ethylene glycol. These molecules contain ele-
ments, such as iodine, benzoyl, and sulfur, which can
absorb the excess energy of the excited species and relax
to their GS level via nonradiative processes.8 The
photophysical properties of the copolymer matrices were
investigated by steady-state and time-resolved fluores-
cence.

Theories have been developed which characterize the
process of energy migration.9-12 They usually consider
a single species of donors (D) among which energy hops,
until a trap (T) is encountered. Energy migration and
trapping are assumed to occur via energy transfer. The
efficiency of energy transfer is characterized by the
Forster radius R0, which is estimated by determining
the overlap between the absorption spectrum of the
acceptor and the emission spectrum of the donor.13 In
the case of energy migration, the acceptor is the same
molecule as the donor and the Forster radius between
two donors (R0

DD) is obtained. In the case of trapping,
the acceptor is a different molecule, and the Forster
radius between the donor and the trap (R0

DT) is ob-* To whom correspondence should be addressed.
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tained. Unfortunately, the R0 parameter is difficult to
determine for solid-state samples, especially for PEN
for which the concentration of donors (essentially the
GS dimers) is quasi-impossible to estimate. In any
approach, the values of R0

DD and R0
DT would have to be

either assumed or retrieved as the parameters of the
analysis software.

The system under scrutiny, PEN, is constituted of two
donor species instead of the single one usually consid-
ered for theoretical work,9-12 namely the naphthalene
monomers and GS dimers. However, upon addition of
1 mol % of the quenchers I-DMT, BZN, and NSEG, the
contribution arising from the monomers was found to
disappear so that PEN can be considered to be made of
a single donor species, namely the naphthalene dimers.
Energy migration occurs between the naphthalene
dimers until trapping takes place between an excited
naphthalene dimer and the quencher. The best quench-
er of the fluorescence emitted by the PEN matrix was
found to be NSEG, the next best one was BZN, and the
worst one was I-DMT. Their respective quenching
efficiencies were quantified by using a blob model.

Experimental Section
Melt Polymerizations. Ethylene glycol, dimethyl tereph-

thalate (DMT), I-DMT, BZN, and NSEG were obtained from
Eastman, and dimethyl-2,6-naphthalene dicarboxylate (DMN)
was obtained from Amoco Chemicals. They were used without
further purification. The appropriate amounts of starting
materials were charged into a 500 mL one-neck round-bottom
flask, along with catalyst metals, and polymerized under
conditions similar to those previously reported.1 Two polymer
matrices were considered in this study. One contained 25 mol
% of DMN and 75 mol % of DMT (referred to as T25N2 in this
report), and the other was pure PEN made of 100 mol % DMN.
Addition of I-DMT, BZN, and NSEG to the reaction mixtures
yielded polymer matrices with the required quencher concen-
tration. The polymers were allowed to slowly cool at 23 °C
before isolation, yielding polymers with various levels of
crystallinity for T25N2, PEN, and copolymers with quencher
concentrations in T25N2 and PEN ranging from 0.5 to 10 mol
%.

Sample Preparation. Samples of each polymer were
micropulverized in a lab grinder into a fine powder and sieved
through a 120 mesh screen (hole size 0.0049 in.). The powders
were then introduced into a 1 cm square quartz fluorescence
cell, and fluorescence measurements were performed on the
solid-state samples without degassing.

Steady-State and Time-Resolved Fluorescence Mea-
surements. All fluorescence measurements were acquired on
a Photon Technology International, Inc., spectrofluorometer.
Fluorescence excitation and emission spectra used a xenon-
arc lamp for excitation. For the time-resolved fluorescence
measurements, excitation was provided by a hydrogen-filled
flash lamp. All powdered samples were studied in the front-
face configuration. Before acquisition of any fluorescence decay,
an instrument response was collected at the excitation wave-
length. The usual conditions to study the fluorescence of the
polymer samples were λex ) 350 nm and λem ) 480 nm to
monitor the naphthalene excited dimer. Times per channel of
0.191 and 0.382 ns/channel over 512 channels were used
depending on the quencher content and its quenching ef-
ficiency. All decays held a minimum of 10 000 counts at the
decay maximum. The fluorescence decays were fitted with
either a sum of exponentials according to eq 1 with k equal to
2 or 3 or a stretched exponential given in eq 10. The fitting
software corrected for the presence of light scattering in the
decays.14

The parameters of the fits were optimized by using the
Marquardt-Levenberg algorithm.15 The quality of the fits was
estimated from the ø2, the residuals, and the autocorrelation
function of the residuals. The average decay time 〈τ〉 was
calculated from eq 2:

Simulation of Fluorescence Decays. Fluorescence de-
cays were simulated according to the theory developed by
Loring et al.,9 which is hereafter referred to as the LAF theory.
According to the LAF theory, the Laplace transform of the
probability (G̃DT(0,ε)) that an excitation is somewhere in the
donor ensemble is given by

where the functions G̃S(ε) and ∆̃[0,G̃S(ε)] have been determined
by Loring et al.9 Equation 3 was then back-transformed into
the real space using a standard procedure to yield GDT(t).16

The fluorescence decays (FD(t)) of the excited donor undergoing
energy migration and trapping were obtained as shown in eq
4

where τD is the donor lifetime. Poisson noise was added to the
resulting fluorescence decays,17 which were fitted with a
triexponential function.

Results
For all copolymer samples, steady-state excitation and

emission spectra were taken. Figures 1-3 display the
main features of these spectra. PEN excitation and
emission spectra are used as reference and are shown
in all figures. The excitation spectra were normalized
at 350 nm. They were obtained with a 430 nm emission
wavelength. The emission spectra were normalized at
their maximum. They were obtained with a 350 nm
excitation wavelength.

The PEN excitation spectrum is broad and exhibits
two maxima at 347 and 370 nm. Upon insertion of 7

f(t) ) ∑
i)1

k

Ai exp(-t/τi) (1)

Figure 1. Steady-state excitation spectra of (a) PEN and (b)
PEN with 7 mol % of I-DMT and steady-state emission spectra
of (c) PEN and (d) PEN with 7 mol % of I-DMT. The excitation
spectra are obtained with an emission wavelength fixed at 430
nm. The fluorescence emission spectra were obtained with a
350 nm excitation wavelength.

〈τ〉 )

∑
i)1

k

Aiτi

∑
i)1

k

Ai

(2)

G̃DT(0,ε) )
[G̃S(ε)]2

G̃S(ε) - ∆̃[0,G̃S(ε)]
(3)

FD(t) ) e-t/τDGDT(t) (4)
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mol % of I-DMT in the PEN matrix, the overall features
of the excitation and emission spectra are preserved

with respect to PEN, as shown in Figure 1. The
excitation peak at 370 nm shifts slightly to the right
and increases slightly in intensity. The emission maxi-
mum shifts from 427 to 431 nm, a small change
considering how broad these spectra are, and the fact
that these samples are solid-state samples, which are
observed with a front-face geometry. These small spec-
tral alterations could not be detected for polymer
matrices with I-DMT contents smaller than 5 mol %.

Figure 2a presents similar data using BZN as a
quencher. The features of the excitation spectra are
preserved with respect to the PEN reference for wave-
lengths shorter than 365 nm. However, addition of BZN
has a strong effect on the excitation spectra for wave-
lengths larger than 365 nm. An excitation band located
at 390 nm appears, and its intensity increases linearly
with increasing amounts of BZN. The emission spec-
trum of PEN with BZN is hardly affected by the
presence of a strong absorption band at 390 nm, and it
overlaps the fluorescence of pure PEN. The emission
maximum of all BZN-containing PEN samples was
located at the same position. To investigate the broad
band, which appears at 390 nm upon addition of BZN
to the PEN matrices, a sample of poly(BZN) was
prepared. Its excitation spectrum showed no signal for
wavelengths smaller than 365 nm, but the signal
increases for wavelengths larger than 365 nm and peaks
at 395 nm (cf. Figure 2b), confirming the observations
made for the PEN samples containing BZN. When poly-
(BZN) was excited at 390 nm, a broad structureless
fluorescence emission appeared with a maximum at 455
nm. The fluorescence emission of poly(BZN) was shifted
to higher wavelengths when compared to that of PEN.
This wavelength shift was not observed for any of the
BZN-containing PEN samples studied in this report.

NSEG turned out to be the most efficient PEN
quencher which was tested in this study. The polymer
matrix had a fluorescence intensity, which was reduced
strongly upon introduction of NSEG, which explains the
noise in the data presented in Figure 3. The excitation
spectra of the PEN matrices were very similar whether
NSEG was present or not, as shown in Figure 3. The
emission maximum shifted continuously with NSEG
content from 427 nm for pure PEN to 445 nm for a PEN
matrix with 5 mol % of NSEG.

Fluorescence decay measurements are better suited
than steady-state fluorescence measurements to estab-
lish the quenching efficiency of a given quencher. This
is due to the fact that some of the quenchers have an
absorption spectrum, which overlaps with the excitation
wavelength and also with the fluorescence emission of
pure PEN. Thus, a reduction in the emission intensity
observed by steady-state fluorescence could be due to
the quenchers blocking the excitation of the polymer
matrix or/and the PEN emission via reabsorption.
However, true quenching will be observed by time-
resolved fluorescence as a shortening of the fluorescence
decays, as long as the quenching is not static. Conse-
quently, fluorescence decays were taken for all copoly-
mer samples. The samples were excited at 350 nm, and
the emission was monitored at 480 nm. Figure 4 shows
the fluorescence decays of PEN matrices loaded with
increasing amounts of BZN. After a short rise time, pure
PEN is almost monoexponential with a decaytime of
26.5 ns. Addition of BZN to the copolymer matrix results
in a shortening of the fluorescence decays, indicating
quenching. The decays were fitted with a sum of three

Figure 2. (a) Steady-state excitation spectra of (a) PEN and
(b) PEN with 3 mol % of BZN and (c) PEN with 10 mol % of
BZN and steady-state emission spectra of (d) PEN and (e) PEN
with 10 mol % of BZN. The excitation spectra are obtained
with an emission wavelength fixed at 430 nm. The fluorescence
emission spectra were obtained with a 350 nm excitation
wavelength. (b) Steady-state excitation spectrum of (a) poly-
BZN (obtained with an emission wavelength fixed at 430 nm)
and steady-state emission spectra of (b) PEN (obtained with
a 350 nm excitation wavelength) and (c) polyBZN (obtained
with a 390 nm excitation wavelength).

Figure 3. Steady-state excitation spectra of (a) PEN and (b)
PEN with 1 mol % of NSEG and (c) PEN with 5 mol % NSEG
and steady-state emission spectra of (d) PEN, (e) PEN with 1
mol % NSEG, and (f) PEN with 5 mol % of NSEG. The
excitation spectra are obtained with an emission wavelength
fixed at 430 nm. The fluorescence emission spectra were
obtained with a 350 nm excitation wavelength. The noise in
the spectra results from the high quenching efficiency of
NSEG.
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exponentials, fixing the third decay time to equal 26.5
ns, the lifetime of PEN excited dimers.2 The preexpo-
nential factors and the decay times obtained from this
analysis are listed in Table 1. Addition of each quencher
to the PEN matrix led to fluorescence decays with a
strongly nonexponential character. For all three quench-
ers, the contribution of the long decay time fixed to equal
26.5 ns in the analysis decreases with quencher content
down to barely detectable levels at high quencher
content. This indicates that at high quencher concentra-
tions all excited naphthalene dimers are affected by the
presence of the quencher inside the polymer matrix.

Addition of 1 mol % of I-DMT, BZN, and NSEG
results in PEN fluorescence decays which exhibit no rise
time. As mentioned previously,2 the fluorescence emit-
ted by PEN at 480 nm is due to GS dimers, which are
excited either directly or indirectly after the energy, first
migrates among naphthalene monomers, second is
transferred to GS dimers, and third migrates among GS
dimers until it reaches a GS dimer trap. The rise time,
which is observed in pure PEN, reflects the time taken
by the excitation to reach a ground-state dimer trap by
energy migration. Since addition of very small amounts
of quencher (1 mol %) is enough to suppress this rise
time, it indicates that these quenchers are very efficient
at intercepting the energy while it still migrates among
naphthalene monomers. Much larger loads of quencher
are required to quench the fluorescence of the GS
dimers. This effect could arise from the fact that the
average distance between naphthalene monomers is
larger than the average distance between GS dimers.
In the PEN matrix, large pools of naphthalene GS
dimers separate naphthalene monomers. Energy migra-
tion between monomers should occur over distances
which are larger than between GS dimers, which are
packed together. This feature of the PEN matrix gives
the quenchers a better chance of intercepting the energy
migrating among monomers than among GS dimers.
This effect could be further tested by monitoring the
quenching of naphthalene excited dimers in a copolymer
containing 25 mol % of DMN and 75 mol % of DMT
(T25N2). Because the naphthalene content of T25N2 is
smaller than that of pure PEN, single naphthalene
monomers in T25N2 can be isolated without being as
far as they are in PEN, so that the average distance
separating two single naphthalene monomers is smaller

in T25N2 than in PEN. It was shown that the fluores-
cence decay of the naphthalene dimers inside the pure
T25N2 matrix does indeed exhibit a more pronounced
rise time.2 Thus, energy migration between monomers
is more efficient, and it will take a longer time before
the energy is transferred from an excited monomer to
a GS dimer. Consequently, a quencher in T25N2 has a
smaller chance to intercept the energy migrating be-
tween naphthalene monomers. This is actually observed
since more than 2 mol % of I-DMT is required to
suppress the rise time observed in T25N2, compared to
less than 1 mol % in PEN (cf. Table 1a).

The average decay time (〈τ〉) of all fluorescence decays
was calculated, and the ratio τD/〈τ〉 was taken as a
measure of the quencher efficiency. τD is the lifetime of
excited naphthalene dimers and is taken to equal 26.5
ns.2 A plot of τD/〈τ〉 versus the quencher content in the
polymer matrix is given in Figure 5. At a given quencher
content, the largest τD/〈τ〉 values are obtained with the
sequence

Thus, NSEG is the best quencher tried in this study.
After energy migration between naphthalene monomers
has been neutralized in the T25N2 matrix, it is inter-
esting to note that quencher contents of 4 mol % of
I-DMT and 4 mol % BZN yield the same τD/〈τ〉 ratio in
T25N2 as in PEN (cf. Figure 5). This result indicates
that the pools of GS dimers have the same nature in
T25N2 and PEN, since the same quencher content in
both polymer matrices results in the same quenching
efficiency of the excited naphthalene dimers.

In Figure 5 the ratios τD/〈τ〉 are used as a representa-
tion of the quencher efficiency. For I-DMT, the ratio τD/
〈τ〉 increases linearly with I-DMT content, but for BZN
and NSEG, the ratio τD/〈τ〉 exhibits a well-defined break
point at or below 1 mol % for NSEG and at 2 mol % for
BZN. The presence of these break points will be
investigated in more details in the Discussion section.
The quenching efficiencies of the quenchers can be
attributed to at least two distinct quenching processes.
Disappearance of the rise time in the PEN fluorescence
decays and strong reduction of the PEN fluorescence are
indications that all three quenchers I-DMT, BZN, and
NSEG are efficient at capturing the energy migrating
inside the PEN matrix. How the now excited quencher
releases its excess energy varies depending on the type
of quencher. For I-DMT, the steady-state excitation and
emission spectra are hardly altered upon addition of
I-DMT to the PEN matrix (cf. Figure 1), at least for the
quencher contents used in this study. In a PEN matrix,
excited I-DMT molecules seem to go down to their
ground state according to a nonradiative process. In a
PEN matrix, BZN absorbs energy around 390 nm (cf.
Figure 2). BZN cannot be excited directly in our
fluorescence experiments (λex ) 350 nm), because it does
not absorb light below 365 nm. However, the BZN
excitation spectrum overlaps the emission spectrum of
PEN so that energy transfer can occur from a directly
excited naphthalene monomer or dimer to a GS BZN.
The excited BZN could either go down to its ground state
via a nonradiative process or emit fluorescence with a
lifetime shorter than τD ()26.5 ns), leading to an
increased quenching of the PEN matrix. Both processes
contribute to the shortening of 〈τ〉 for the BZN-contain-
ing PEN matrices.

Figure 4. Fluorescence decays of PEN with BZN contents
ranging from 0 mol % (pure PEN, top decay) to 1, 2, 4, 5, and
10 mol % (bottom decay). The fluorescence decays were
acquired by exciting the sample at 350 nm and monitoring
the emission at 480 nm. The time per channel was 0.382 ns/
channel.

τD

〈τ〉
(I-DMT) <

τD

〈τ〉
(BZN) <

τD

〈τ〉
(NSEG) (5)
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The fluorescence of isolated BZN units might be
difficult to characterize at the low quencher contents
used in this study. This is because no shift in the
emission fluorescence spectra could be detected whether
a PEN matrix loaded with 5 mol % of BZN was excited
at 350 nm (where BZN does not absorb) or at 390 nm
(where BZN absorbs). NSEG addition to the PEN matrix
results in a strong reduction of the PEN fluorescence
and a disappearance of the rise time is observed in the
PEN decays. As more NSEG is added, the fluorescence
maximum shifts to higher wavelengths. This indicates
that NSEG embedded inside the PEN matrix could emit
some fluorescence of its own. Upon excitation (either
direct or after capture of the migrating energy), NSEG
could emit with a shorter lifetime than τD ()26.5 ns),
resulting in an apparent quenching of the PEN matrix.
This behavior would be similar to the one observed for
BZN, although NSEG is much more efficient at reducing
the PEN emission than BZN is.

Because a significant quenching efficiency is observed
for very low contents of all three quenchers considered
(as low as 1 mol %) and because the average decay times

are substantially shortened, it is impossible that quench-
ing occurs only via simple absorption of the exciting
light by the quencher. More plausibly, the energy hops
between naphthalene dimers, and it is captured by the
quenchers via either an electron- or an energy-transfer
mechanism. Once excited, the quencher will either
release its energy as heat (I-DMT) or emit a photon and
fluoresce with a lifetime shorter than τD (BZN and
NSEG). Because PEN samples exhibit altered spectral
features upon addition of BZN and NSEG, radiative
energy transfer from the PEN matrix to the BZN or
NSEG quencher might be occurring. However, all
fluorescence measurements were carried out with a
front-face geometry, which should reduce the potential
effect of radiative energy transfer. Also, the effect of
radiative energy transfer is expected to be small in the
case of BZN. This is due to the absence of red shift in
the emission spectra of BZN-containing matrices, an
effect opposite to what would be expected if BZN
contributed strongly to the overall fluorescence (cf. the
emission spectrum of polyBZN in Figure 2b).

Discussion
The different behaviors observed in Figure 5 for the

three quenchers are now investigated in a more detailed
manner. Special attention is devoted toward explaining
why some τD/〈τ〉 curves do exhibit a break point with
quencher concentration (BZN and NSEG), when others
do not (I-DMT). Energy migration followed by trapping
has been the object of intense scrutiny. Several theories
have been derived to account for it.9-12 Usually the
donor fluorescence decay FD(t) is found to be an expres-
sion given as

where τD is the donor lifetime, and GDT(t) is the survival
probability of the donor undergoing energy migration
and trapping. In 1982, Loring et al. carried out the
mathematical treatment (referred to in the following
discussion as LAF), which would yield GDT(t) for a

Table 1. Parameters Recovered from the Triexponential Fit of the Fluorescence Decays (λex ) 350 nm and λem ) 480 nm)
of T25N2 and PEN Matrices Containing I-DMT, BZN, and NSEG Using Eq 1

[Q], mol % A1 τ1, ns A2 τ2, ns A3 τ3, ns ø2

PEN Containing I-DMT
PEN matrices 1 0.49 17 0.51 26.5 1.24

2 0.14 7.7 0.61 15.9 0.26 26.5 1.37
3a 0.28 9.1 0.72 21.7 1.50
4 0.24 6.3 0.56 16.4 0.20 26.5 1.15
5 0.19 3.9 0.60 13.8 0.21 26.5 1.17
7 0.44 5.9 0.48 16.9 0.07 26.5 1.27

T25N2 matrices 1 -0.50 2.2 0.38 14.3 1.12 26.5 1.41
2 -0.66 0.7 0.79 13.7 0.86 26.5 1.24
4 0.24 5.6 0.45 14.9 0.31 26.5 1.08

PEN Containing BZN
PEN matrices 0.5 0.63 14.9 0.37 26.5 1.44

1.0 0.24 5.7 0.55 16.5 0.22 26.5 1.05
2.0 0.37 4.6 0.49 14.4 0.14 26.5 1.18
3.0 0.50 6.0 0.45 18.0 0.05 26.5 1.22
4.0 0.49 3.3 0.43 13.7 0.08 26.5 1.31
5.0 0.51 4.0 0.4 14.0 0.08 26.5 1.19

10.0 0.61 3.4 0.34 13.4 0.05 26.5 1.66
T25N2 matrix 4 0.47 2.8 0.35 12.9 0.18 26.5 1.27

PEN Containing NSEG
1.0 0.63 4.0 0.31 13.9 0.06 26.5 1.17
2.5 0.77 3.5 0.26 12.6 0.03 26.5 1.34
5.0 0.77 2.7 0.21 8.8 0.02 26.5 1.25

a This decay could not be fitted using three exponentials.

Figure 5. Plot of τD/〈τ〉 as a function of quencher content. The
different quencher types are I-DMT (4 in PEN and 2 in
T25N2), BZN (O in PEN and b in T25N2), and NSEG (0 in
PEN).

FD(t) ) e-t/τDGDT(t) (6)
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system where donors and traps are immobile and
randomly distributed inside a solid matrix.9 Zumofen
et al. considered a process in which the energy migrates
among fractal sites, so that GDT(t) depends on the fractal
dimension (dh) of the medium where energy migration
and trapping are taking place.10 They find

where a and b are two constants. As Zumofen et al.,
Byers et al. also used a stretched exponential for GDT(t)
where the exponent R depends on time:11

Mollay and Kauffmann recognized that chromophores
attached onto polymers do not adopt a random config-
uration.12 To account for the constraint imposed onto
the chromophores by the polymer backbone, their treat-
ment generates several polymer chains by Monte Carlo
simulations, which are left to adopt random configura-
tions. The processes of energy migration and trapping
are then monitored among the chromophores either
attached on or constituting the polymer.

In this study, the fluorescence decays are considered
for quencher contents where no rise time is observed.
Thus, the system under study deals with energy migra-
tion and trapping processes occurring inside a pool of
GS naphthalene dimers. According to the assumptions
on which the LAF model is based,9 the LAF model was
selected in an effort to describe in a more quantitative
fashion the experimental observations reported in Fig-
ure 5. The LAF model was favored because it does not
deal with fractal dimensions and time-dependent expo-
nents, which are often more difficult to interpret con-
ceptually.10,11 Furthermore, the LAF model, although
not as complete as Mollay and Kauffmann’s model, is
simple to implement computationally.12 Also, it is worth
noting that, when Mollay and Kauffmann’s model was
applied to solid PEN, the lifetime of the naphthalene
monomer needed to be fixed at 3.3 ns in order to fit the
fluorescence decays.3 This is significantly shorter than
the 12 ns lifetime expected for the naphthalene mono-
mer in such a polymer matrix.2,5

The LAF model depends on five parameters, namely
CD and CT, which are the reduced concentrations of the
donors and traps, respectively, R0

DD and R0
DT, which are

the Forster radii for energy transfer between donors,
or between a donor and a trap, respectively, and τD,
which is the donor lifetime. The number densities for
the donors (FD) and for the traps (FT) can be calculated
from the knowledge of CD, CT, R0

DD, and R0
DT. For a

given set of CD, CT, R0
DD, R0

DT, and τD, the solution of the
LAF model is obtained in the Laplace space and is back-
tranformed into the real space.16 Poisson noise was
added to the fluorescence decays, and they were fitted
with three exponentials.17 τD was taken to equal 26.5
ns, the lifetime of the excited naphthalene dimers in
PEN.2 For each simulated decay, the average decay time
〈τ〉 was calculated, and the ratio τD/〈τ〉 was plotted as a
function of FT. Simulations were carried out for reduced
donor concentrations CD ranging from 0.2 to 100. For
each CD, the ratio R0

DT/R0
DD was adjusted so that a

reasonable quenching efficiency could be obtained for
quencher densities FT ranging from 0.02FD to 0.10FD, a
range which corresponds to the quencher densities used
in our fluorescence experiments. A typical τD/〈τ〉 versus

FT plot is shown in Figure 6 for CD equal to 100. All
simulations yielded trends similar to that shown in
Figure 6. No break point was observed. These results
indicate that the LAF model will describe our results
qualitatively as long as the quencher content is below
some given concentration at which the break point is
observed.

To explain the presence of a break point, we invoke a
compartmentalization of the trapping process. Whether
the excited quencher can fluoresce or not, it was first
able to capture the energy migrating between naphtha-
lene dimers. For each quencher, a capture volume VC
can be defined so that any energy migrating within VC
will be transferred to the quencher. Our VC is somewhat
similar to the surrounding sphere of action, which was
introduced to handle static quenching cases.8,18 When
the quencher concentration is small, each quencher is
isolated and covers a volume VC. Within VC, the
quencher will exhibit its own response to the excitation
from the PEN matrix. For I-DMT, a nonradiative
relaxation occurs, whereas a radiative relaxation pro-
cess will occur for BZN and NSEG. Since the quencher
concentration is small, a large PEN volume is unoc-
cupied by quenchers. Introducing additional quenchers
generates additional VC’s, which leads to a linear
increase of the quenching efficiency of a given quencher.
As more quencher is added, a quencher content ([Q]over-

lap) is reached where the entire PEN matrix is now
covered by the quenchers. Any additional quencher will
be located within an already existing VC, where quench-
ing is already taking place, and the quenching efficiency
is expected to be less. This is clearly observed in Figure
5, where τD/〈τ〉 increases much more slowly with quench-
er content after [Q]overlap has been reached. According
to this explanation, the contents of BZN and NSEG used
in this study go beyond [Q]overlap, whereas those of
I-DMT are always lower than [Q]overlap. Thus, the plots
of τD/〈τ〉 versus quencher concentration exhibit a break
point for BZN and NSEG, opposite to what is observed
for I-DMT.

To account for the capture volume, an attempt was
made to apply a blob model approach to handle our
experiments dealing with energy migration and trap-
ping. Recently, the concept of blob has been successfully
applied to interpret complex kinetics occurring in
polymeric systems where the polymer backbone has
been randomly labeled with pyrene.19,20 In the present

Figure 6. Plot of τD/〈τ〉 as a function of quencher content. The
fluorescence decays were simulated according to the LAF
theory and fitted with a three-exponential fit. The parameters
which were used were CD ) 100 and R0

DT/R0
DD ) 0.2 for (9)

and CD ) 100 and R0
DT/R0

DD ) 0.1 for (0).

GDT(t) ) exp(-atdh/2 + btdh) (7)

GDT(t) ) exp(A(t)tR(t)) (8)
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version of the blob model, the polymer matrix is divided
into blobs, which are occupied by the quenchers. A blob
is defined as Vblob ) VC, the volume within which
quenching occurs with a rate constant kq via energy
transfer from a donor to a trap. The energy can migrate
from one blob to the next with a rate constant ke[blob]
where ke is the exchange rate constant and [blob] is the
blob concentration inside the polymer matrix. 〈n〉 is the
average number of traps per blob. Scheme 1 shows the
blob representation of the polymer matrix.

According to the blob model, an expression for GDT(t)
was derived in the Appendix and is given in eq 9.

Since the quenchers do not cover the entire polymeric
matrix at low quencher concentration, some zones of the
polymer matrix are expected to remain unquenched.
This is taken into account by adding an extra exponen-
tial to yield eq 10:

where [D*Q](t)0) and [D*NQ](t)0) represent the donor
concentrations at time t ) 0 in domains with and
without quencher, respectively, and GDT(t) is given by
eq 9.

Although some of the quenchers are expected to emit
some intrinsic fluorescence, all fluorescence decays for
I-DMT and BZN were fitted with eq 10, which does not
take into account any emission from the quenchers.
Equation 10 is expected to hold for I-DMT regardless
of I-DMT content because I-DMT does not seem to
fluoresce. In the case of BZN, only those decays obtained
with very low BZN contents (<3 mol %) are expected to
exhibit little BZN fluorescence. For NSEG, a significant
shift of the steady-state fluorescence spectrum is ob-
served even with an NSEG content as low as 1 mol %.
Thus, NSEG emission is certainly present in all our
fluorescence decays dealing with this quencher, and
these decays were not fitted with eq 10. Equation 10
was convoluted with the instrument response function,
and the preexponential factors and the parameters kq,
ke[blob], and 〈n〉 were recovered from the least-squares
fitting analysis. Their values for I-DMT and BZN are
listed in Table 2 along with the ø2 parameters.

It was found that, within experimental error, kq
remained constant with quencher content and equalled
(7.5 ( 1.0) × 107 and (13 ( 4.0) × 107 s-1 for I-DMT
and BZN, respectively. A plot of 〈n〉 versus quencher
content is given in Figure 7. Figure 7 mimics what was
observed in Figure 5. For I-DMT, 〈n〉 increases linearly
with quencher content, whereas a clear break point is
observed for BZN. Within the framework of the blob
model, 〈n〉 is related to the volume of a blob. By
definition, 〈n〉 is the average number of quenchers per
blob. Thus eq 11 is obtained:

where Vblob is the volume of one blob and [Q]eff is the
effective quencher concentration inside the polymer
matrix. [Q]eff is larger than [Q], the average quencher
concentration in the polymer matrix, because some
zones of the polymer matrix are not quenched, when
the quencher content is low. This led us to introduce
the component [D*NQ](t)0) in eq 10. Thus, in eq 10,
[D*Q](t)0) and [D*NQ](t)0) give the fraction of excited
naphthalene dimers that are in a quencher occupied
domain and in a quencher-free domain, respectively.
The effective quencher concentration is given by eq 12:

where fQ ) [D*Q](t)0)/([D*Q](t)0) + [D*NQ](t)0)) and [Q] is

Scheme 1. Blob Representation of the Polymer Matrix

GDT(t) ) exp(-ke[blob]t - 〈n〉(1 - exp(-kqt))) (9)

FD(t) ) [D*Q](t)0) × exp(-t/τD) × GDT(t) +
[D*NQ](t)0) × exp(-t/τD) (10)

Table 2. Parameters Recovered from the Blob Model
Analysis of the Fluorescence Decays (λex ) 350 nm and
λem ) 480 nm) of PEN Matrices Containing I-DMT and

BZN and Using Eq 10

[Q], mol % 〈n〉 kq, 107 s-1 ke[blob], 107 s-1 fQ ø2

PEN Containing I-DMT
2 0.21 6.1 2.5 0.25 1.37
3 0.24 8.0 1.5 0.17 1.62
4 0.37 8.4 2.3 0.19 1.15
5 0.33 11.7 3.1 0.20 1.06
7 0.78 7.5 1.7 0.04 1.24

PEN Containing BZN
1 0.38 10 2.3 0.21 1.09
2 0.63 12 2.3 0.14 1.21
3 0.85 8 1.4 0.02 1.21
4 0.82 18 3.4 0.08 1.31
5 0.92 14 3.2 0.08 1.16

10 1.1 16 3.9 0.05 1.40

Figure 7. Plot of 〈n〉, the average number of quencher per
blob, versus the quencher content. The different quencher
types are I-DMT (4 in PEN) and BZN (O in PEN).

〈n〉
Vblob

) [Q]eff (11)

[Q]eff )
〈n〉

Vblob
)

[Q]
fQ

× 0.055 mol/L (12)
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the average quencher concentration given in mol %.
0.055 mol/L is the equivalent concentration of 1 mol %
quencher in PEN, and it was assumed to remain
unchanged upon quencher addition to the PEN matrix.
Equation 12 yields a relationship between Vblob and 〈n〉,
[Q], and fQ. Assuming spherical blobs, the blob radius
is obtained as

where NA is the Avogadro number. Rblob was plotted as
a function of quencher content in Figure 8. In Figure 8,
the solid line represents the radius of the polymer
matrix volume available per quencher at a given
quencher content. When for a given quencher content
Rblob has a value located at or above the solid line, it
indicates that the quenchers cover the entire polymer
matrix. For Rblob located below the solid line, each added
quencher is efficient and has a good probability of
covering a zone deprived of quencher. As Rblob reaches
or crosses the solid line in Figure 8, the quenchers now
cover the entire polymer matrix, the quencher concen-
tration equals [Q]overlap, and further addition of quencher
results in a less efficient quenching, because this domain
of the polymer matrix is already being quenched. This
saturation effect leads to the trend shown in Figure 5,
namely the two break points observed for BZN and
NSEG.

Table 3 summarizes the kq, ke[blob], and Rblob values
obtained for BZN for quencher contents smaller than
or equal to 3 mol % (BZN contents low enough so that
BZN potential emission is small) and I-DMT (for the
entire quencher concentration range). It is worth noting
that the Rblob values, which were retrieved from the blob
model analysis, are typical of Forster radii obtained for
energy-transfer experiments.21 According to Table 3,
Rblob(BZN) and kq(BZN) are larger than Rblob(I-DMT)
and kq(I-DMT). This conclusion correlates very well with

the quenching efficiency of these compounds as shown
in eq 5. If the data dealing with NSEG had been
investigated with the blob model, a Rblob(NSEG) value
larger than Rblob(BZN) would have been expected, since
NSEG appears to be the best quencher.

Equation 13 can be used in order to determine the
overlap concentration of I-DMT and BZN. The overlap
concentration is reached when each blob contains in
average one quencher or when 〈n〉 equals 1.0. The blob
model predicts that the expression of the overlap
concentration is given by eq 14.

Using the values of Rblob listed in Table 3, one finds that
[Q]overlap equals 14 and 3.3 mol % for I-DMT and BZN,
respectively. Since all quencher contents used in the
study of I-DMT in a PEN matrix were below 14 mol %,
a plot of τD/〈τ〉 versus quencher content yields no break
point, as observed experimentally. On the other hand,
a break point would be expected for BZN for a quencher
content of 3.3 mol %. It does indeed occur in Figure 5
at a slightly lower quencher content of 2 mol %.

Conclusion
The efficiency of three quenchers, I-DMT, BZN, and

NSEG, at quenching the inherent fluorescence of PEN
was investigated by steady-state and time-resolved
fluorescence. It was found that NSEG is a better
quencher than BZN, itself a better quencher than
I-DMT. A quencher has the maximum impact at low
quencher contents, because any added quencher covers
a virgin polymer domain. As more quencher is added,
the whole polymer matrix is covered, and any additional
quencher occupies a polymer domain which is already
quenched. Thus, its quenching efficiency is reduced,
because it quenches an area which is already being
quenched. This effect results in a break point observed
in the plot of τD/〈τ〉 versus quencher content for BZN
and NSEG in Figure 5.

The saturation effect was further investigated by
using a blob model. According to the blob model,
quenching occurs inside a blob of radius Rblob with a
quenching rate constant kq. A more efficient quenching
occurs for larger Rblob and kq values. This is indeed
observed. Analysis of the fluorescence decays using the
blob model yields Rblob and kq values of 0.8 ( 0.1 nm
and (7.5 ( 1) × 107 s-1 for I-DMT and 1.3 ( 0.0 nm and
(10 ( 2) × 107 s-1 for BZN. The fluorescence decays
obtained for PEN matrices containing the quencher
NSEG could not be studied with the blob model due to
NSEG intrinsic fluorescence.

The process of energy migration inside the polymer
matrix helps quench PEN fluorescence. The excitation
will travel until it penetrates a domain, which contains
a quencher. This results in an increased quenching
efficiency, when it is compared to that of a quencher in
a polymer matrix where no energy migration is taking
place.

Finally, it is worth noting that eq 10 is usually
available in standard fluorescence decay analysis pack-
ages so that the blob model analysis can be easily
implemented in other laboratories.

Appendix
After excitation of the polymer matrix, the energy

migrates among naphthalene dimers (the donors) until

Figure 8. Plot of the blob radius as a function of quencher
content. The different quencher types are I-DMT (4 in PEN)
and BZN (O in PEN). The solid line indicates the radius of
the volume of the polymeric matrix available per quencher at
a given quencher content.

Table 3. kq, ke[blob], and Rblob Values Obtained for BZN
for Quencher Concentrations Smaller Than or Equal to 3

mol % (When Rblob(BZN) Intercepts the Solid Line in
Figure 8) and I-DMT (for the Entire Quencher

Concentration Range)

Q kq, 107 s-1 ke[blob], 107 s-1 Rblob, nm

I-DMT 7.5 ( 1 2.0 ( 0.5 0.8 ( 0.1
BZN 10 ( 2 2.0 ( 0.5 1.3 ( 0.0

Rblob ) ( 3
4π

1024

NA
fQ

〈n〉
0.055[Q])1/3

(nm) (13)

[Q]overlap ) 3
4π

1024

NA

1
0.055Rblob

3
(14)
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trapping occurs. According to Scheme 1, the polymer
matrix is divided into blobs. If i quenchers are located
inside a blob, the migrating energy is transferred to the
quenchers with a rate constant ikq. kq is the rate
constant at which energy is transferred from an excited
donor to a quencher located in a blob containing a single
quencher. The migrating energy can hop from blob to
blob with an exchange rate constant ke. The donor
natural fluorescence is characterized by the rate con-
stant kf ) 1/τD. If Pn represents a blob containing n
quenchers, the kinetics of the blob model can be taken
into account according to the three following equations:

These equations are adapted from those that were
derived for micellar systems. According to the classic
mathematical derivation of Tachiya,22 one obtains eq
A-2 as the time-dependent concentration profile of the
excited donor disappearing via quenching.

Equation A-2 is the same as eq 9, except that eq 9 deals
with infinitely long-lived excited donors (D*).
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MA0005419

fluorescence: Pn* f Pn; kf[Pn*] (A-1a)

exchange: Pn* + Pj f Pn + Pj*; ke[Pn*][Pj] (A-1b)

quenching: Pn* f Pn; nkq[Pn*] (A-1c)

[D*](t) ) exp(-(kf + ke[blob])t - 〈n〉(1 - exp (-kqt)))

(A-2)
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