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Movement of Polymer Segments by Exciplex Emission
of Pyrene and N,N-Dimethylaniline at the Polymer–Silica
Interface
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Intermolecular interaction between pyrenyl units linked on the silica surface and N,N-dimethylaniline
(DMA) units of polymer segments coated on the silica was investigated. Exciplex emission between
these units was observed. The spectral shape and the intensity of the exciplex emission depended
on the sample preparative conditions. Emission decay curves had no rise components, which showed
that preformed ground-state complexes between pyrene and DMA existed and there were various
microenvironmental sites around the preformed complexes just after sample preparation. Anneal-
ing of the samples made the exciplex emission wavelength shift and its intensity increase, which
meant that polymer segments that contacted with the silica surface moved to make the stable
conformations during annealing. It was revealed that DMA units of polymer segments are more
stable when they face to the polymer–silica interface than when they become part of the polymer
bulk. After the samples were kept at room temperature for 1 month, the spectra of all the samples
became the same, which showed that the most stable conformations of the polymer segments were
at the polymer–silica interface.
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INTRODUCTION

In a previous work [1], we obtained the novel in-
formation about interfacial phenomena by observation of
exciplex emission from solid–liquid interface because the
exciplex emission is generated specifically at an inter-
face. Although there are some reports have studied the
solid–solid interface by attenuated total reflection infrared
(ATR-IR) [2], enhanced nuclear magnetic resonance
(NMR) [3], X-ray photoelectron spectroscopy (XPS) [4],
and so on, there are no reports that show exciplex emis-
sion at the solid–solid interface between two species that

link to different solids, which indicates the molecular
interaction between the two solids. This report aims at
constructing a system to provide information about in-
terfacial microenvironments between silica and a poly-
mer solid using exciplex emission. The following condi-
tions should be satisfied: (1) The system exhibits
intermolecular interactions between a fluorescent probe
adsorbed on a silica surface and segments of the polymer
to display strong exciplex emission; (2) the fluorescent
probe on silica shows no excimer emission because wave-
lengths of an excimer and an exciplex of a fluorophore
usually lie in the same region, which makes the system
complicated for fluorescence analysis; and (3) the poly-
mer does not fluoresce to simplify the emission system at
an interface. To satisfy these conditions, the combination
of pyrene and N,N-dimethyaniline (DMA) was adopted.

There have been reports on the fluorescence of
pyrene adsorbed on silica gel [5–7], and self-assembled
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monolayers incorporating pyrene groups [8,9]. They show
excimer emission, so they are not suitable for the present
study because exciplex emission with DMA will be hid-
den by the pyrenyl excimer [10–12]. This problem es-
sentially can be overcome by the reduction of surface
density of pyrenyl groups. As a procedure for modifica-
tion of a silica surface with controlled density of pyrenyl
residues, calix[4]resorcinarene (CRA) was employed in
this work; CRA gives rise to self-assembled monomole-
cular films quite readily, owing to its strong adsorptivity
to a silica surface [13–15]. The synthesis of CRA pos-
sessing a single pyrenyl group and three alkyl chains was
achieved in the previous work [16]. An occupied area of
a CRA substituted with eight carboxymethoxy units in a
self-assembled monolayer has been reported to be ap-
proximately 2.0 nm2; the distance between centers of mol-
ecules is about 1.6 nm [13–15]. In this way, when a length
of alkyl linking a pyrenyl group to the CRA framework
is short enough, the fluorescent moieties should be well
separated in the monolayer to suppress the excimer for-
mation. Because a CPK model of the molecule indicated
that a spacer with more than two methylenes is long and
flexible enough to permit pyrenyl groups close to each
other to form excimer on a surface even though CRA
framework was rigid, CRA with a pyrenylmethyl group
was ordered for the purpose.

In this context, fluorescence behavior of a CRA de-
rivative possessing a single pyrene unit adsorbed on a sil-
ica surface was investigated. Colloidal silica particles
were used in this work for the adsorption of the macro-
cyclic compound owing to marked enlargement of a sur-
face area of silica, leading to enhancement of emission
intensity. A polymethacrylate with DMA side chains was
synthesized and was placed in contact with the CRA-
modified silica surface to follow exciplex emission.

EXPERIMENTAL

Materials

Octacarboxymethoxylated 1-pyrenylmethyltrime-
thylcalix[4]resorcinarene (1) as shown in Scheme 1 was
synthesized by the same matter as the previous work
[16]. The mixture of CRAs with 1-pyrenylmethyl, which
was synthesized according to reference [17], and methyl
groups were synthesized followed by esterification with
ethyl bromoacetate. The mixture of octaethyl carboxy-
late CRA derivative with zero pyrenyl and four methyl
groups, with one pyrenyl and three methyl groups, two-
two, three-one, and four-zero was produced and it was
separated into each fraction by high-performance gas

chromatography (HPLC) (column: SiO2). The CRA de-
rivative possessing one pyrenyl unit was hydrolyzed by
KOH to the octacarboxymethoxylated CRA derivative.
Relevant data include mp . 300°C (decomp.); 1H-NMR
(DMSO-d6); d (ppm) 5 1.46 (d, 9H, J59.0Hz), 2.24 (s,
2H), 4.38 (s, 16H), 4.4–4.6 (m, 4H), 6.46 (s, 4H), 7.13
(s, 4H), 7.5–8.2 (m, 9H); elemental analysis for
C64H56O244H2O: calculated C, 60.00; H, 5.04%. Found
C, 60.27; H, 4.81%.

Poly(4-dimethylaminobenzyl methacrylate-co-methyl
methacrylate) (2) shown in Scheme 2 was also synthe-
sized: Mn 5 4.9 3 103, Mw 5 2.3 3 104; dimethy-
laminobenzyl to methyl ratio 5 1:3.0; Tg 5 107°C; Ele-
mental analysis for (C13H17NO2)(C5H8O2)3.0: calculated
C, 64.71; H, 7.96; N, 2.69%. Found C, 64.47; H, 7.72;
N, 2.94%.

Colloidal silica was kindly donated by Nissan Chem-
ical Industry (Tokyo, Japan).

CRA Modification of Colloidal Silica

Colloidal silica of a 73-nm diameter without surface
pores was washed ultrasonically in acetone, an aqueous

Scheme 1

Scheme 2
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NaOH solution, a HNO3 solution, and finally in water.
The colloidal silica was put in a toluene solution of amino-
propyldimethylethoxysilane (10 vol%), and the suspen-
sion was refluxed for 1 hr, followed by centrifugal sep-
aration and ultrasonic washing in toluene. The particles
were suspended in toluene again, separated, and dried.
The density of the amino group on the silica particles
was estimated to be 1.7 groups/nm2 by the following ele-
mental analysis data on the assumption that a particle is
a sphere with a density of 2.3 g/cm3.

Elemental analysis for the modified colloidal silica
was as follows: found C, 0.62; H, 0.48; N, 0.14%.

The aminated colloidal silica was put in a tetrahy-
drofuran (THF) solution of 1 (1 3 1024 mol/L) and stirred
for 30 min at room temperature. After the colloidal sil-
ica was stirred, it was isolated by centrifugal separation.
The yellow color of the solution became pale, whereas
the modified colloidal silica turned from white to yel-
lowish brown in color, suggesting the adsorption of 1
on the colloidal silica. The colloidal silica was washed
in pure acetone ultrasonically, precipitated by centrifu-
gal separation, and dried. The density of pyrenyl group
on the silica was calculated as 0.22 groups/nm2 by the
following elemental analysis data. The reacted colloidal
silica is abbreviated as Py-CoSi. Elemental analysis for
Py-CoSi was as follows: found C, 1.49; H, 0.56; N,
0.13%.

Sample Preparation for the Interfacial Studies

Py-CoSi (100 mg) was placed in 0.5-mL THF or chlo-
roform containing 20 mg of 2, the suspension was shaken
ultrasonically for 30 min, followed by evaporation of the
solvent. Annealing samples were achieved by heating.

Measurements

The surface-modified colloidal silica samples cov-
ered with a polymer layer were placed in a 0.5-mm-thick
quartz cell, and their emission spectra were taken on a
JASCO PF-777 (Tokyo, Japan) with the use of the at-
tachment for film. The excitation wavelength for emis-
sion spectra was 349 nm for the first peak of S0 → S2 of
the pyrenyl chromophore. A DMA unit has no absorp-
tion band at this wavelength. All spectra were corrected
with that of unreacted colloidal silica as a reference.

Fluorescent lifetime was measured by a single pho-
ton counting system with an excitation source of mode-
locked Nd: YAG laser and dye laser (rhodamine B), the
half-width of which was 0.20 ns operating at 400 kHz.

RESULTS AND DISCUSSION

Effect of Preparative Conditions on Pyrene
Fluorescence

For the solvent of a polymer solution, chloroform
or THF was adopted. Although they are both good sol-
vents for polymethacrylate, their solvation strengths are
different. The solvation to polymethacrylate of THF is
strong enough to destroy the adsorption of the polymer
on a silica surface, which is caused by the interaction
between carbonyl of polymer and silanol of silica surface,
whereas polymethacrylate keeps adsorbing on the silica
surface in chloroform. This was certified by unpublished
results. When a silica plate was immersed in a methacry-
late polymer chloroform solution and removed from the
solution, the polymer adsorbed on the plate. After the
silica plate on which adsorbed polymer was immersed
in pure chloroform and removed again, the polymer still
adsorbed on the plate. However, when the plate was im-
mersed in pure THF, the polymer dispersed into THF
and did not adsorb on the plate when it was removed
from the solution.

Two samples of Py-CoSi covered with 2 were prepared
with chloroform solution of 2. The solvent of sample (a) was
evaporated under atmosphere at room temperature for a
few days and was vacuumed to be removed completely.
Sample (b) was not dried under vacuum and solvent can
remain in the sample. For comparison, a sample of the
Py-CoSi covered without 2 but with a PMMA layer was
also prepared from a chloroform solution of poly(methyl
methacrylate) (PMMA). Conversely, two samples were also
prepared from THF solution of 2. The solvent of sample
(c) was slowly evaporated by the same manner as for sam-
ple (a). Sample (d) was evaporated fast under vacuum from
the start of the analysis. The solvent evaporating speed in-
fluences the microenvironment at the interface when the sol-
vent was THF, which solvates 2 strongly. The prepared sam-
ples are summarized in Table I.

Fluorescence spectra of samples (a), (b), and PMMA-
coated sample normalized at 379 nm are shown in Fig. 1.
The samples were excited at 349 nm so that the emission
came specifically from the pyrene S0 to S2 region. Al-
though the PMMA sample displayed only the monomer
emission, broad emission at a long-wavelength region
was observed for the other samples covered with 2. It
follows that the emission bands at a longer wavelength
region did not arise from the excimer, but rather from
exciplex between the surface pyrene and DMA tethered
to polymer chains. This was the first observation of
exciplex emission at an interface between two kinds of
solids. Sample (b) without vacuum treatment showed
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Table I. Preparation of Samples

Solvent of a Evaporation of Vaccum after
Sample polymer solution solvent evaporation

Py-CoSi–2 (a) Chloroform Under atomosphere Yes
Py-CoSi–2 (b) Chloroform Under atomosphere No
Py-CoSi–2 (c) Tetrahydrofuran Under atomosphere Yes
Py-CoSi–2 (d) Tetrahydrofuran Under vacuum
Py-CoSi–PMMA Chloroform Under atomosphere Yes

Fig. 2. Fluorescence spectra of Py-CoSi–2 prepared with chloroform
solution [sample (a) see (Table I)] and tetrahydrofuran solutions [sam-
ples (c) and (d) see (Table I)] normalized at lmax of monomer emission.

Fig. 1. Fluorescence spectra of Py-CoSi–2 prepared with chloroform
solutions [sample (a): solid line; sample (b): dotted line] see Table I) and
Py-CoSi–PMMA normalized at lmax of monomer emission.

blue-shifted exciplex emission and its intensity is a little
smaller, compared with (a), which was dried sufficiently.

Fluorescence spectra of samples (c) and (d) are
shown in Fig. 2. There were some differences between
the spectra in respect with intensity ratios of exciplex
emission to monomer emission (Ie/Im) and lmax of exci-
plex. Sample (c) displayed significant blue-shift emission
maximum and sample (d) showed red-shift and larger
Ie/Im compared with sample (a). Such sensitivity of ex-
ciplex emission to the preparative conditions of the sam-
ples reflected the existence of more than two species in
different microenvironments.

For more information on these exciplex species, flu-
orescence decay curves were measured. The monitoring
wavelength was 398 nm to follow monomer fluorescence,
whereas wavelengths at 480 and 540 nm were selected

for tracing exciplex emission at a shorter and a longer
wavelength of the exciplex. The decay curves were de-
convoluted into multiple exponential elements and were
well analyzed as triple exponential decay components and
no rise components. A typical fitting curve is shown in
Fig. 3 and its x2 5 1.13. x2 values for all samples were
1.08–1.19 and the residuals were also small and well-
balanced in the plus side and the minus side, which were
good enough to trust the data.

Fluorescence lifetimes at various wavelengths are
summarized in Table II. The fact that there was no rise
lifetime indicated that exciplex did not form dynamically
with movement of the polymer segment when pyrenyl units
were excited. It also revealed that there were performed
ground-state complexes of pyrenyl group and DMA, and
exciplex forms just after pyrenyl groups adsorbed excited



light without movement of the polymer segments. There
was no distinct difference in the lifetimes between the sam-
ples prepared under various preparative conditions.
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Table II. Fluorescence Lifetimes

398 nm 480 nm 540 nm

t1/nsb t2/ns t3/ns t1/ns t2/ns t3/ns t1/ns t2/ns t3/ns
lmon Amp1

a Amp2 Amp3 Amp1 Amp2 Amp3 Amp1 Amp2 Amp3

Py-CoSi–2 (a) 0.53 2.0 9.7 0.53 2.2 15.2 0.56 3.1 16.7
0.32 0.44 0.24 0.68 0.23 0.08 0.61 0.22 0.17

Py-CoSi–2 (b) 0.51 2.6 12.3 0.56 2.2 14.7
0.70 0.25 0.06 0.66 0.26 0.08

Py-CoSi–2 (c) 0.62 2.8 11.9 0.50 2.0 15.6 0.63 2.4 17.0
0.45 0.37 0.18 0.51 0.39 0.10 0.54 0.33 0.14

Py-CoSi–2 (d) 0.57 2.5 10.9 0.49 2.3 15.6 0.41 2.3 15.2
0.32 0.47 0.21 0.59 0.28 0.13 0.49 0.30 0.21

Py-CoSi–PMMA 0.81 2.6 12.6 0.68 1.9 12.7
0.44 0.39 0.17 0.72 0.22 0.07

a Amp: relative values (Amp1 1 Amp2 1 Amp3 5 1).
b Errors: of t's are:t1 6 0.06 ns, t2 6 0.2 ns, t3 6 1.9 ns.

The triple exponential fitting was just an expedi-
ent and it did cause us to conclude that there were three
kinetic decay paths in these systems. However, some
lifetimes indicated interesting results. The lifetime con-
stants of Py-CoSi–PMMA at 398 and 480 nm were not
far from each other because they all came from
monomer emission. In contrast, for the samples cov-
ered with 2, the longest lifetime (t3) of exciplex emis-
sion was longer than that of monomer emission, whereas
the shortest and the middle lifetimes (t1, t2) were almost
the same. t3 of monomer emission of the samples with
2 was close to that of Py-CoSi–PMMA. The intensity
ratios of t3 of exciplex emission were larger at 540 nm
than at 480 nm. It could be assumed from these data
that 11 and 16 ns for t3 were lifetimes of monomer and
exciplex formed from ground-state complex, respectively.
On the other hand, the other kinetic paths, to which t1

and t2 were related, showed deactivation by energy
transfer to polymer matrix or colloidal silica surface.
On the basis of these, it was assumed that pyrenyl groups
on silica surface and DMA units attached to polymer
backbones form ground-state complexes at the polymer–
silica interface, leading to the diversified distribution
of energy states, whereas their exciplex states have sim-
ilar lifetimes. According to these results, it can be con-
sidered that t1 and t2 did not indicate the deactivation
lifetime, but indicated the representative values of nu-
merous deactivation paths. Exciplex originated from a
ground-state complex with a lower energy emitted at a
shorter wavelength because it deactivated to the same
ground-state complex as a result of a fixed matrix.

The distributions of ground state complexes, which
gave the various exciplex emission intensity and wave-
length, depended on preparative conditions. There are

Fig. 3. Time-resolved profile for Py-CoSi–2 sample (a), the excitation
light profile and the fitting curve (see Table II) (below) and residuals
of fitting curve (above).
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several possibilities to explain the different exciplex emis-
sion between the samples. The most considerable one be-
tween samples (a) and (b) is as follows: residual chloro-
form molecules solvated the ground-state complex to
make their energy level lower to emit at a little shorter
wavelength for sample (b). One of the possibilities of the
remarkable blue-shift of exciplex emission of sample
(c) prepared from a THF solution compared with sam-
ple (a) prepared from a chloroform solution, can be ex-
plained as follows. Polymer chains of 2 expanded by
the solvation in a THF solution to form a more stable
ground-state complex with pyrenyl groups on silica than
for a chloroform solution, because THF solvates methacry-
late polymer better than does chloroform. Slow evapo-
ration froze the stable complex, which had been made
in a solution, at the polymer–silica interface, and showed
exciplex emission at shorter wavelength compared to that
prepared from a chloroform solution. Sample (d), which
was prepared from a THF solution and was subjected to
fast solvent evaporation, showed stronger exciplex emis-
sion at a longer wavelength region compared with oth-
ers that were prepared by slow evaporation. In this case,
the evaporating process was too fast to solvate the side-
chain DMA during evaporation, and it kept DMA units
faced at the interface to produce many unstable ground-
state complexes, which showed red-shift exciplex emis-
sion. Fewer side-chain DMA units could get into the
polymer bulk during fast evaporation.

Annealing Effects

The samples prepared under various conditions
were annealed to check the alteration of fluorescence
behavior. Figure 4 shows fluorescence spectra of sam-
ple (a) during annealing. The intensity of broad emis-
sion at the longer wavelength region increased and the
lmax moved slightly to shorter wavelength during an-
nealing at 105°C, which is 2°C below Tg of 2, for
30 min. However, annealing at 105°C for more than
30 min did not cause any more change. These phe-
nomena were the same for sample (b), in which some
solvent remained at first. For comparison, a sample that
2 coated on nontreated colloidal silica and Py-CoSi–
PMMA was also annealed at 105°C. The PMMA sample
did not display any change in fluorescence behavior
during annealing, implying that the increase in emis-
sion intensity at longer wavelengths of Py-CoSi cov-
ered with 2 was not caused by interactions between
pyrenyl groups themselves. On the other hand, it was also
confirmed that the emission at the longer wavelength
region during annealing was not due to DMA units, be-

Fig. 4. Fluorescence spectra of Py-CoSi–2 sample (a) annealed at 105°C
for 0, 30 (solid line), and 180 min (broken line) normalized at lmax of
monomer emission.

cause nontreated colloidal silica coated by 2 showed no
spectral change during annealing. These data also sup-
port the belief that the broad emission at longer wave-
lengths is assigned to exciplex.

Fluorescence lifetimes were not altered before and
after the annealing, as shown in Table III. This result sug-
gested that the microenvironment of pyrene–DMA
ground-state complex at Py-CoSi–2 interface did not
change drastically, although the complex population in-
creased during annealing at temperatures just below Tg.

When the annealing temperature was 90°C, the spec-
tral changes were almost same as those at 105°C. How-
ever, the changing process took longer time than for the
105°C annealing. Ie/Im increased at the initial period in
30 min and the population of exciplex that emits at shorter
wavelength region increased after 30 min annealing.

In comparison with the annealing at the temperature
below Tg, the annealing effect at 120°C, which was higher
than Tg by 13°C, was different. The increment of the Ie/Im

was not saturated at 30 min and the spectrum moved to a
shorter wavelength than for the case of 105° or 90°C.
The lifetimes were also changed dynamically after 210 min
of annealing. t3 became shorter and shorter during an-
nealing; the result was that the fluorescence decay curves
could not be fitted with triple-exponential any more and
were analyzed as double-exponential time constants. The
longest time constant, which was assigned to exciplex life-
time, and middle time constants became close and com-
bined as t2. It can be considered that the annealing at the
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Fig. 5. Fluorescence spectra of Py-CoSi–2 sample (c) annealed at
105°C for 0, 30, and 180 min normalized at lmax of monomer
emission.

Fig. 6. Fluorescence spectra of Py-CoSi–2 sample (d) annealed at 105°C
for 0 (solid line), 30 (dotted line), and 180 min (broken line) normal-
ized at lmax of monomer emission.

temperature higher than Tg for a long time produced the
polymer chain movement to the interfacial layer that was
more intricate than annealing below Tg to make the pop-
ulation of performed ground-state sites large, and their
microenvironments were ordered to be easily deactivated.

The spectra of the samples from THF solution after
annealing at 105°C are shown in Figs. 5 and 6. Although
the annealing of sample (c) prepared by slow evapora-
tion enhanced the spectral intensity, the spectral shape
was almost maintained during annealing. There was no

remarkable change in fluorescence lifetimes of sample
(c), as shown in Table III. These results suggest that the
microenvironment of preformed ground-state complexes
produced just after evaporation was at the most stable
energy level and the population of DMA units that faces
to the silica surface increased during annealing. The spec-
trum of sample (d) prepared by fast evaporation under
vacuum moved to a shorter wavelength region, although
Ie/Im was almost same. These results can be interpreted
that the fast evaporation froze the orientation of DMA

Table III. Fluorescence Lifetimes of Annealed Samples

lmon 480 nm 540 nm

Annealing t1/nsc t2/ns t3/ns t1/ns t2/ns t3/ns

Temperature Time
ºC (min) Amp1

a Amp2 Amp3 Amp1 Amp2 Amp3

Py-CoSi–2 (a) 105 180 0.61 2.3 17.8
0.62 0.28 0.09

Py-CoSi–2 (a) 120 30 0.46 1.9 12.6
0.49 0.39 0.12

Py-CoSi–2 (a) 120 210 0.73 6.6b 0.94 10.9b

0.84 0.16 0.74 0.26
Py-CoSi–2 (c) 105 180 0.57 2.2 16.1 0.49 2.2 16.6

0.57 0.31 0.12 0.42 0.33 0.25

a Amp: relative values (Amp1 1 Amp2 1 Amp3 5 1).
b Double exponential.
c Errors: of t's are: t1 6 0.06 ns, t2 6 0.2 ns, t3 6 1.9 ns.
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units that faced to the silica surface to make performed
exciplex sites, which maintained the Ie/Im value, and their
microenvironment changed to the stable energy state dur-
ing annealing because the first frozen conformation of
performed site was unstable. The result that the spectrum
of the sample annealed for 180 min was similar to the
spectra of the other samples annealed under Tg for 180 min
supports the above interpretation.

The Most Stable Microenvironment at 
Polymer–Silica Interface

As described above, the fluorescence spectra of all
Py-CoSi–2 prepared from chloroform and THF became
similar to each other after annealing. Furthermore, emis-
sion spectra of the samples that had been stored at room
temperature for 1 month were also measured. The spec-
tra became the same as each other and the same as the
spectrum of sample (a) annealed for 180 min shown in
Fig. 4, which was same as that of annealed sample (b)
at the temperature below Tg. lmax was 490 nm and Ie/Im

was 1.6. The samples prepared from THF that had been
kept at room temperature for 1 month also gave the same
spectra. The exciplex spectrum shifted to the longer wave-
length region and Ie/Im slightly decreased for sample (c),
whereas the exciplex spectral shape did not change from
the sample annealed for 180 min, although Ie/Im increased
for sample (d). Even sample (a) annealed at 120°C showed
the same emission after 1 month although its Ie/Im had
been larger than 2. This spectrum can be assigned as the
final state of the movement of the polymer segments pos-
sessing DMA to the most stable position. The first state
of the microenvironment of solid–polymer interface de-
pends on the preparation conditions, but annealing made
the interfacial microenvironment the same and at most
stable state, which does not depend on the initial condi-
tions. It was also revealed that the annealing below poly-
mer Tg in a few hours makes the microenvironment of
silica–polymer interface orientate to the most stable form.
Though the annealing above Tg makes the interface layer
microenvironment intricate, the polymer segments move
to the most stable form when they are maintained at room
temperature for a long time, such as 1 month.

CONCLUSIONS

Molecular interaction between a functional group
modified on silica surface and another functional group
of polymer that was coated on the silica was observed
with static and dynamic fluorescence measurements.
Pyrene and DMA were adopted for the functional groups

modified on silica and polymer, respectively. Pyrene was
linked to silica surface through a CRA framework to
maintain the distance between pyrenyl groups and avoid
making excimer. DMA was imported in methacrylate
polymer as a side-chain substitute. The molecular inter-
action at the interface of two materials was observed as
exciplex emission.

It was considered that there were several types of
sites of the functional groups at the interface, such as
independent pyrene monomer sites, pyrene–DMA pre-
formed exciplex sites, and the sites where exciplex could
be formed by movement of polymer segment DMA to
pyrene. It was revealed that the population of each site
depended on the sample preparation conditions, such as
used solvents of the polymer and the speed at which the
solvent evaporated.

The annealing effects were also observed. lmax of
exciplex moved to shorter wavelength and Ie/Im increased.
However, the ways in which the emission spectra changed
also depended on the initial conditions and the annealing
temperature. Exciplex wavelength indicates the differ-
ence between the energy of the excited state and the
ground state, and Ie/Im reflects the population of each site.
During annealing, the distribution of exciplex population
and the microenvironment of the exciplex site became
the same and formed the most stable state, although the
initial distribution and microenvironment depended on
the sample preparation conditions.
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