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a  b  s  t  r  a  c  t

Extremely  pure  polymer  matrices  were  used  for elucidating  the  fluorescence  properties  of singly iso-
lated charge-transfer  (CT) complexes  formed  between  the  donor  N-ethylcarbazole  and  the  acceptor
1,2,4,5-tetracyanobenzene.  Simultaneous  measurements  (time  traces  of CT  fluorescence  intensities  and
lifetimes)  using  single-molecule  fluorescence  spectroscopy  showed  three  patterns:  (1) fluctuations  in  the
fluorescence  intensities  and  lifetimes  seldom  occurred,  (2)  the  fluorescence  intensities  frequently  fluc-
tuated  together  with  the  lifetimes,  or (3)  in addition  to  the  above  fluctuations  with time,  blinking  and/or
off-states  longer  than  1 s were  observed.  For  methacrylate  polymers,  both  the  degree  of  fluctuations  in
the CT  fluorescence  lifetimes  and  the  percentage  of  the  CT complexes  showing  off-states  increased  with
harge-transfer fluorescence
ingle-molecule fluorescence spectroscopy
ethacrylate polymers

olycarbonate

the  free  volume  of  the  host  polymers.  These  results  suggest  that  the  degree  of  fluctuations  in the  relative
geometrical  arrangements  of  the  donor  and acceptor  molecules  is related  to the  availability  of  space  in
the host  polymer,  and  that the free  volume  provides  the  necessary  space  for formation  of non-fluorescent
donor–acceptor  geometries  of  the  CT complexes  and/or  temporal  dissociation  of  the  CT  complexes.  Sur-
vival times  of  the  CT  fluorescence  were  also  closely  related  with  the free  volume  of  the  host  polymers.
. Introduction

Single-molecule fluorescence spectroscopy (SMS) has been
pplied to singly isolated molecules: a single fluorescent chro-
ophore or multiple chromophores covalently linked to each

ther (e.g., multichromophoric dendrimers), single organic nano-
articles or -crystals and J-aggregates consisting of fluorescent
hromophores, and single quantum dots [1–18]. Except for organic
ano-particles and J-aggregates, systems formed by weak inter-
olecular interactions have been excluded from SMS  studies. One

uch weak intermolecular interaction is a charge-transfer (CT) force
esulting in the formation of CT complexes. It is widely known that
ertain CT complexes exhibit fluorescence [19]. Each CT complex
s formed from two molecules, namely an electron donor and an
cceptor, and thus differs from the above single molecules and
ultichromophoric molecules. Hence, fluorescent CT complexes

re interesting research subjects for SMS. The CT fluorescence

ppears when the excited CT state returns to the ground state
T complex. That is, the CT fluorescence is approximately consid-
red to be emission resulted from a charge-recombination process
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in the excited CT state (charge-separated state). Recently, we
investigated the fluorescence dynamics of singly isolated CT com-
plexes formed between various monocarbazolyl and dicarbazolyl
(Cz) donor compounds and the acceptor 1,2,4,5-tetracyanobenzene
(TCNB) in an inert polymer, poly(methyl methacrylate) (PMMA),
thin film [20,21].

The formation of CT interactions between Cz compounds and
TCNB was investigated under an ensemble condition because the
fluorescence properties of Cz:TCNB CT complexes and the elec-
tron transport properties of the corresponding neat solid films
were revealed in detail compared with those of other CT systems
in connection with the photoconductive properties of poly(N-
vinylcarbazole) films [22–28].  In addition, since the Cz skeleton
can be synthesized from purified tetrahydrocarbazole, it is possible
to obtain very pure Cz compounds. The use of very pure com-
pounds is indispensable for observing the fluorescence of isolated
CT complexes in polymer matrices by SMS. A concentration of at
least 10−10 M is usually required for SMS, but since the formation
of a CT complex is an equilibrium between separate donors and
acceptors on the one hand and the complex on the other, the con-
centration of the donor and acceptor molecules is required to be
much greater than 10−10 M.  Thus, both the donor and acceptor com-

pounds have to be very pure in order to observe the fluorescence
of such complexes at the single-molecule level. In particular, fluo-
rescent contaminations absorbing at long wavelengths (488 nm for
the present equipment) should be avoided.

dx.doi.org/10.1016/j.jphotochem.2011.11.005
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:itaya@kit.ac.jp
dx.doi.org/10.1016/j.jphotochem.2011.11.005
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Simultaneous measurements (time traces of CT fluorescence
ntensity and lifetime) showed three patterns in the PMMA  films:
1) fluctuations in the fluorescence intensities and lifetimes sel-
om occurred, (2) the fluorescence intensities fluctuated frequently
ogether with the lifetimes, and (3) in addition to the second
attern, blinking or off-states (off-times longer than 1 s) were
bserved. The third characteristic was detected for only 1.7% of the
omplexes (one CT complex among 60) in the monocarbazolyl-N-
thylcarbazole (ECz) CT system and 20–30% in the dicarbazolyl- and
onocarbazolyl-N-isopentylcarbazole CT systems. The time traces
ith frequent fluctuations often showed off-states. We  attributed

he fluctuations in the fluorescence intensities and lifetimes of
he isolated CT complexes to changes in the relative geometri-
al arrangements of the Cz donor and the TCNB acceptor and/or
hanges in the local environment around the individual CT com-
lexes leading to changes in, e.g., local polarity. Both the frequency
f the fluctuations in intensities and lifetimes and the frequency of
ff-states were related to the chemical structure of the carbazolyl
ompounds. Because Cz donor chromophores with a small degree
f freedom are less able to adapt to positional fluctuations of the
maller TCNB acceptor molecules in CT complexes, the off-states
ere thought to arise mainly from formation of non-fluorescent
onor-acceptor geometries of the CT complexes and/or temporal
issociation of the CT complexes in the inert polymer film during
easurement.
In the present work, we investigated the effect of the host

olymer matrix on the fluorescence behavior of isolated individ-
al CT complexes formed between ECz and TCNB to reveal the
rigin of the appearance of the fluctuations and long-off states
off-times longer than 1 s). We  used PMMA,  poly(ethyl methacry-
ate) (PEMA), poly(n-propyl methacrylate) (PnPrMA), poly(n-butyl

ethacrylate) (PnBuMA), polycarbonate (PC), and a dextrin deriva-
ive as host polymers. With respect to the methacrylate polymers
PMMA, PEMA, PnPrMA, and PnBuMA), an increase in the side-chain
ength results in greater mobility of the main chain and a decrease
n the glass transition temperature due to the fact that the side
roups hinder packing of the chains in the films, which results in
n increase in the free volume. Although values for the permeabil-
ty coefficient of oxygen gas are unknown for PnPrMA and PnBuMA
lms, such values for these polymers are expected to be larger than
hose of PMMA  and PEMA because of the increase in free volume of
he polymers in the films. As aforementioned, blinking or off-states
ere observed only for one among 60 ECz:TCNB CT complexes in

MMA films [21]. However, when other polymer matrices were
sed, the off-states were observed more frequently.

. Experimental

The ECz was the same as the material used previously [20,21]. It
as synthesized from purified Cz, recrystallized, and further puri-
ed by zone refining and vacuum sublimation. TCNB was purified
y recrystallization and vacuum sublimation. The structures of ECz
nd TCNB are shown in Fig. 1. PMMA  and PEMA purchased from
ldrich (secondary standard) were used as host polymers with-
ut further purification. PnPrMA was thermally polymerized in a
egassed glass tube from rigorously purified n-propyl methacry-

ate, which was distilled under reduced pressure after removal
f added inhibitor by a usual method, and was further purified
y vacuum distillation. PnBuMA purchased from Polymer Source
as used without further purification. Very pure PC and a dextrin
erivative with the chemical structure shown in Fig. 1 were sup-

lied by Sumika Styron Polycarbonate Limited and Nissan Chemical

ndustries Limited, respectively, and were used without further
urification. No fluorescence was observed from spin-coated films
f these polymers under the present experimental conditions. The
Fig. 1. Chemical structures of the ECz donor, TCNB acceptor, and the polymers used
as  host matrices.

chemical structures of the host polymers and their physical prop-
erties are shown in Fig. 1 and Table 1, respectively. The physical
properties of the dextrin derivative (abbreviated as Dextrin) are
unknown. This polymer was  used, however, because of the obser-
vation of characteristic fluorescence properties for CT complexes
formed in Dextrin films, as shown later.

Chloroform solutions containing 1 wt%  host polymers (PMMA,
PEMA, PnPrMA and PC), ECz, and TCNB were spin-coated (at
3000 rpm for 90 s) onto cleaned cover glasses. For the Dextrin poly-
mer, ethyl lactate was  used as a solvent. For these polymers, the
concentrations of ECz and TCNB in the spin-coated thin films were
5.0 × 10−4 M each.

The fluorescence properties of individual CT complexes were
measured using the same system as reported previously [20,21]
that was based on a sample-scanning confocal fluorescence micro-
scope consisting of an inverted microscope (TE2000, Nikon)
equipped with an oil-immersion objective (Nikon, 100×,  1.3 N.A.)
and an avalanche single photon counting module (APD) (SPCM-
AQR-14, PerkinElmer). The laser and detector systems used were
also the same as reported [20,21]. The excitation laser wavelength,
power, and repetition rate were 488 nm,  0.34 kW/cm2, and 8 MHz,
respectively. All measurements were performed under nitrogen at

room temperature.

As previously reported for the PMMA  system [20,21],  in fluo-
rescence intensity images, few bright spots were observed both
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Table  1
Physical properties of polymer films used as host matrices.

Polymers Tg
a [K] Free volume [nm3] Permeability coefficient of oxygen gasa [cm3 (STP) cm/(cm2 s Pa)] Refractive indexa

PMMA 378 0.079b 1.16 × 10−14 1.490
PEMA 338 0.088b 8.89 × 10−14 1.485
PnPrMA 308 0.091b – 1.484
PnBuMA 293 0.099b – 1.483
PC  417 0.109c 1.05 × 10−13 1.550
Dextrin – – – –
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c At 300 K [46].

or 0.1 M sample of ECz only and for 0.01 M samples of TCNB only,
hich indicated that the present ECz and TCNB were very pure and
id almost not contain compounds showing fluorescence in longer
avelengths.

. Results and discussion

.1. Simultaneous measurement of the time traces of the
uorescence intensities and lifetimes of singly isolated CT
omplexes

Before measuring the fluorescence of the isolated CT complexes
nder a single-molecule condition, absorption and fluorescence
pectra and fluorescence lifetimes of the CT complexes under an
nsemble condition were measured for cast films with high concen-
rations of donor and acceptor molecules. These results are given
n the Supporting Information.

To assure observation of singly isolated CT complexes, dilute
5.0 × 10−4 M)  samples of ECz donor and TCNB acceptor molecules
ere prepared. It was impossible to detect the fluorescence of

ingly isolated CT complexes in PnBuMA thin films under the
resent single-molecule conditions, although it was observed
nder an ensemble condition (see Supporting Information). This
ifference is most probably attributed to the presence of dynamic
quilibria between association of the donors and acceptors and dis-
ociation of the CT complexes in PnBuMA films, because the glass
ransition temperature (Tg) of PnBuMA is very close to room tem-
erature, which was the measurement temperature. This dynamic
quilibrium makes it impossible to observe the fluorescence of
ingly isolated CT complexes fixed in PnBuMA films. This situation
s never found for single molecules and is a distinctive feature of
T complexes, which exist in equilibrium with the two molecules

rom which they are formed.
Typical results of simultaneous measurements (time traces of

uorescence intensities and lifetimes) of ECz:TCNB CT complexes
n PEMA and Dextrin thin films are shown in Fig. 2 (1–3) and
4–6), respectively. The fluorescence intensity decreased suddenly
n a single step to the background level, which is attributed to the
cattering of excitation laser light. This single-step decrement cor-
esponds to photo-bleaching of the CT complex, indicating that
he observed signal can be attributed to individual CT complexes.
he fluorescence intensities were very low: approximately twice
o three times and three to five times the intensity of the back-
round for PEMA and Dextrin systems, respectively. Although the
uorescence intensity in the Dextrin system is larger than those

n the other polymer systems, the CT fluorescence spectrum is
bserved in a long wavelength region compared to the other poly-
er  systems (Fig. S1 in Supporting Information). Considering both
avelength dependence of photon detection efficiency of the APD

etector (SPCM-AQR-14, PerkinElmer) and the detector sensitivity
f the fluorescence spectrometer, the fluorescence intensity in the
extrin system is not necessarily large. In any event, the overall low
uorescence intensities are probably due to the small absorption
coefficients of the CT complexes and their low fluorescence quan-
tum yields.

Decay curves built from every 10,000 photons were fitted to a
double-exponential function with two decay times, as was  reported
for ECz:TCNB in PMMA  [21]. That is, one decay time was  very
short and corresponded to an instrument response function. This
fast decay component is due to the scattering of excitation laser
light and contributes to the aforementioned background counts
(Supporting Information). The slow decay times (lifetimes) are plot-
ted against measurement time in Fig. 2(b).

3.2. Fluctuation of CT fluorescence intensities and lifetimes

As is the same in the PMMA  system [21], three patterns were
observed in the time traces of fluorescence intensities and lifetimes
for CT complexes in PEMA and Dextrin. (1) Fluctuations in the flu-
orescence intensities and lifetimes seldom occurred (Fig. 2 (1 and
4)), (2) the fluctuations occurred frequently with time (Fig. 2 (2 and
5)), and (3) in addition to fluctuations in the fluorescence intensi-
ties and lifetimes with time, blinking and/or off-states longer than
1 s (we have called an off-time longer than 1 s an off-state) were
observed (Fig. 2 (3 and 6)).

To investigate in detail these behaviors for the PEMA system, 85
individual CT complexes were analyzed, of which 25 showed very
few fluctuations, 52 showed frequent fluctuations with time, and
8 showed both off-states and fluctuations. That is, the fluorescence
intensity of 61% of the CT complexes fluctuated very frequently
together with the lifetime, while 9% showed off-states in addition
to the fluctuation. In the Dextrin system, on the other hand, 66%
of CT complexes showed very few fluctuations of the fluorescence
intensity, while 24% showed off-states in addition to the fluctu-
ation. The same three patterns in the time traces of fluorescence
intensities and lifetimes were observed also for the other polymer
systems. The numbers of isolated CT complexes observed were 60,
53, 53, and 58 for the PMMA,  PnPrMA, PC, and Dextrin systems,
respectively.

It is difficult to evaluate the fluctuation of the fluorescence
intensity because there is no clear criterion for discriminating the
intensities. Thus, we  used CT fluorescence lifetimes. To clarify the
frequent fluctuation of CT fluorescence lifetimes, histograms of life-
times obtained from isolated CT complexes in all host polymer
systems are shown in Fig. 3. As mentioned above, these lifetimes
were obtained by fitting the decay curves built from every 10,000
photons. The lifetimes of each system were distributed within a
time region spanning a few tens of nanoseconds, except for the
Dextrin system. The lifetimes of the Dextrin system were shorter
than those of the other polymer systems. As previously reported
[21], frequent fluctuations of CT fluorescence intensities and life-
times with time (the distribution of the lifetimes) are most likely

attributed to changes in the relative geometrical arrangements
of the ECz donors and TCNB acceptors in the complexes and/or
changes in the local environments around the individual CT com-
plexes, e.g., local variations in polarity, during measurement.
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Fig. 2. Typical time traces of fluorescence intensities (a) and lifetimes (b) of
ECz:TCNB CT complexes. Ca. 30 counts/100 ms  are due to the background. Life-
times were obtained by fitting decay curves built from every 10,000 photons. (1–3):
In  PEMA and (4–6): in Dextrin host polymers. The concentrations of ECz chro-
mophore and TCNB were 5.0 × 10−4 M each. (1) and (4): Both fluorescence intensity
and  lifetime seldom fluctuated. (2) and (5): The fluorescence intensities and life-
times fluctuated together with time. (3) and (6): In addition to fluctuation in the
fluorescence intensity and lifetime with time, blinking and/or long off-states were
o
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Fig. 3. Histograms of fluorescence lifetimes obtained from isolated ECz:TCNB CT
complexes in (a) PMMA,  (b) PEMA, (c) PnPrMA, (d) PC, and (e) Dextrin thin

ations for the histograms were 6.16, 6.55, 6.31, 5.43, and 1.57 for
the PMMA,  PEMA, PnPrMA, PC, and Dextrin systems, respectively.
The ratios ��/�av of these lifetime-differences �� to their average
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bserved. In PMMA,  this last pattern was  observed for only one out of 60 CT com-
lexes.

The average values (average lifetimes: �av) were calculated for
ifetimes obtained for every 10,000 photons, and were 39.5, 34.7,

1.4, 25.0, and 15.9 ns for the PMMA,  PEMA, PnPrMA, PC, and Dex-
rin systems, respectively. In order to quantitatively estimate the
egree of fluctuation in the lifetimes, we calculated the difference
films. Because the CT complexes showed fluctuations in their lifetimes during the
measurements, lifetimes obtained from every 10,000 photons were plotted. The
concentrations of the ECz chromophore and TCNB were 5 × 10−4 M each.

��  between the lifetimes obtained from two  consecutive sets of
10,000 photons in the time traces of the lifetimes. Histograms of
the lifetime-differences ��  are shown in Fig. 4. The standard devi-
Fig. 4. Histograms of the lifetime-difference (��) between lifetimes obtained from
consecutive sets of 10,000 photons: (a) PMMA, (b) PEMA, (c) PnPrMA, (d) PC, and
(e)  dextrin thin films.
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ifetimes �av were 0.156, 0.189, 0.201, 0.217, and 0.0987 for the
MMA, PEMA, PnPrMA, PC, and Dextrin systems, respectively. It is
easonable to consider the relative value ��/�av as a parameter
epresenting the degree of fluctuation of the lifetimes. Although
he difference in the value of the ratios is small, this order corre-
ponds to the order of the free volume of the host polymers except
or Dextrin, whose free volume is unknown. Therefore, the fluctu-
tions in the relative geometrical arrangements of the ECz donors
o the TCNB acceptors in the host polymers with large free vol-
mes occur frequently compared to those in polymers with small
ree volumes. This result suggests that the degree of fluctuation
n the relative geometrical arrangements of the donor to accep-
or molecules is related to the availability of free space in the host
olymer. The Dextrin system is unusual because of its exception-
lly high CT fluorescence intensity and short average fluorescence
ifetime. The origin of these properties is not clear at the present
tage.

.3. Off-state of CT fluorescence

The mechanism for blinking and off-states of single organic
olecules have been discussed, with several proposed depending

n the timescale of the off-time, such as triplet blinking [29,30],
olecular reorientation [31], spectral diffusion [32], conforma-

ional change [33,34], intramolecular electron transfer [35], and
ntermolecular CT between the excited state of the molecule and
raps present in the surrounding environment [36–41].  Even if the
ff-time could be attributed to intermolecular interactions, these
ff-times resulted from the excited state of single molecules. The
resent systems are CT complexes formed between electron donor
nd acceptor molecules, and specifically between two molecules.
n our previous paper, hence, the mechanism for Cz:TCNB CT
omplexes was considered to be different from those for single
olecules [21].
In the methacrylate polymers, the percentage of the CT com-

lexes showing off-states (the probability of observation of (3)) is in
he order PnPrMA (12.8%) > PEMA (9.4%) > PMMA  (1.7%), as shown
n Fig. 5. This order corresponds with the order of the free vol-
mes of the polymers (Table 1). In the previous manuscript, we
ttributed the off-state observed for CT fluorescence to temporary
issociation of the CT complexes formed between two molecules, a

henomenon that is never observed with single molecules, and/or
ormation of non-fluorescent donor–acceptor geometries of the CT
omplexes [21]. According to this assumption, when a CT complex
xists in a polymer matrix with a large free volume, a large change
Fig. 6. Average survival times and their standard deviations for isolated ECz:TCNB
CT complexes in various host polymer films.

in the relative geometrical arrangement of the ECz donor and TCNB
acceptor in the complex is possible within the polymer matrix,
thereby inducing various relative geometrical arrangements. The
formation of the various relative geometrical arrangements prob-
ably results in an increase in the formation of non-fluorescent
donor–acceptor geometries of the CT complexes and/or in an
increase in the temporal dissociation of the CT complexes. That
is, the large free volume provides space for temporary dissocia-
tion of the CT complexes and/or for formation of non-fluorescent
donor–acceptor geometries of the CT complexes.

Vacha et al. have reported that blinking behavior of single cya-
nine dye molecule in polymer matrices is correlated with free
volume in the polymers [42]. For PMMA  and PEMA with higher Tg

than the measuring temperature, fraction of dye molecules show-
ing the blinking in PMMA  films was  smaller than that in PEMA films.
They proposed an explanation that a conformational change of the
dye molecule in PEMA with large free volume is easier than that in
PMMA  with small free volume. This result also supports the above
explanation.

De Schryver et al. reported that single-molecule conformational
changes can probe the local free volume in amorphous polymer
films [43]. A dye molecule in PnBuMA films was  investigated by fol-
lowing the time traces of fluorescence intensities and lifetimes of
the dye at 292 K (smaller than the Tg in PnBuMA). For five molecules
of the 92 molecules studied, the reversible change between flat
and twisted conformations of the molecule was observed. This
reversible process was  attributed to the dynamic structural dis-
order of the matrix. Hence, the reversible behavior observed in the
present system is probably attributed to the dynamic structural
disorder of the matrix.

3.4. Survival times of CT complexes

Fig. 6 shows average survival times (the time when the single-
step decrement due to photo-bleaching of the isolated CT complex
occurred during measurement) and their standard deviations
for isolated ECz:TCNB CT complexes in the host polymer thin
films. In the methacrylate polymer system, average survival times
decreased in the order PMMA  > PEMA > PnPrMA. This order is oppo-
site to the one for the free volumes of the polymers (Table 1) and for
the percentage of CT complexes showing off-states (Fig. 5). That is,
the average survival time for the PnPrMA film with both the largest

free volume and the largest percentage of CT complexes showing
off-states is shortest among these three polymers. For this obser-
vation, the following two interpretations are proposed. One is that
the large free volume induces a change in the temporal dissociation
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f the CT complexes to their permanent dissociation, which is
bserved as photo-bleaching. That is, the systems with a large per-
entage of CT complexes showing off-states tend to show short
urvival times. The other is that photo-oxidation reaction between
xcited CT complexes and oxygen induces photo-bleaching of the
T fluorescence. This explanation is supported by the following
bservation under an ensemble condition: when CT fluorescence
f very thin films containing CT complexes was measured under
erated conditions, the CT fluorescence intensity obtained with
he second scan was smaller than that with the first scan, while
his decrement was never observed under nitrogen. It is known
hat permeability coefficients of oxygen gas are larger in polymers
ith large free volumes than in those with small free volumes (see

able 1, although the data for PnPrMA was not found). Hence the
hoto-oxidation of CT complexes in PMMA,  which has a small free
olume, hardly occurs compared with that in PnPrMA, which has a
arge free volume. Both the free volume and the permeability coef-
cient of oxygen gas in PC are larger than those in PEMA. These
reater properties are probably the reason why the average sur-
ival time of the CT fluorescence in PC is smaller than that in PEMA
nd nearly equal to that in PnPrMA.

The average survival time of the Dextrin system is very short,
nd the percentage of the CT complexes showing off-states is very
arge (Fig. 5). In addition, as mentioned above, the system is unusual
ecause of its exceptionally high CT fluorescence intensity and
hort average fluorescence lifetime. Fluorescence properties of iso-
ated CT complexes in the Dextrin system and the PMMA  system
re both extremes, as shown in Figs. 3–6.  Although the physi-
al properties of the Dextrin polymer are unknown, other factors
uch as polarity may  also contribute to the fluorescence proper-
ies.

. Conclusions

Extremely pure polymer matrices that do not emit upon exci-
ation with 488 nm laser light were used to investigate the
uorescence properties of singly isolated ECz:TCNB CT complexes.
hree patterns were observed for the time traces of the fluores-
ence intensities and lifetimes obtained from singly isolated CT
omplexes: (1) fluctuations in the fluorescence intensities and life-
imes seldom occurred, (2) the fluorescence intensity fluctuated
requently together with the lifetime, and (3) in addition to the
bove fluctuation with time, blinking and/or off-states longer than

 s were observed. In methacrylate polymers, both the degree of
uctuation of the CT fluorescence lifetimes and the percentage of
he CT complexes showing off-states increased with the free vol-
me of the host polymers. These results suggest that the degree
f fluctuation in the relative geometrical arrangements of donor
o acceptor molecules is related to the availability of space in the
ost polymer, and that larger free volumes provide greater space

or formation of non-fluorescent donor–acceptor geometries of the
T complexes and/or temporal dissociation of the CT complexes. In
ddition, the survival times of the CT fluorescence are also closely
elated to the free volumes of the host polymers. The present
nformation was hidden in the ensemble measurements because
f the process of averaging, and was discovered only when using
MS.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jphotochem.2011.11.005.
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