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ABSTRACT: Colorless, transparent, polymer films including 2-
(2'-hydroxyphenyl)imidazo[1,2-a]pyridine (HPIP) derivatives, 1
and 2, are prepared by a spin-coating method. The observed
emission spectra upon photoexcitation of these polymer films
were composed of dual emission bands: the normal luminescence
at 370—410 nm (purple) and the greatly Stokes-shifted emission
at 520—580 nm (yellow) assigned as the excited-state intra-
molecular proton transfer (ESIPT) luminescence. Relative
intensity of the two emissions varied according to the polymer
matrices, resulting in change in the luminescent color of the dye-
doped polymer films. Particularly, the luminescence properties of
6-cyano HPIP, 2, are highly susceptible to the surrounding
environment, and therefore successfully tuned to produce a wide
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range of colors, from purple to orange, by changing its concentration within and the type of the polymer matrix. This observation
can be ascribed to the formation of a relatively weak intramolecular hydrogen bond resulting from the electron-withdrawing 6-
cyano group. Thus, we demonstrate large variations in emission color can be achieved using interactions of the single component
with the surrounding matrix. These results offer promise as a convenient and effective method for a wide-range tuning the

luminescence colors of dye-doped polymer films.
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B INTRODUCTION

Solid-state organic materials that exhibit intense luminescence
have been attracting considerable interest in various fields.'~”
Among such materials, those displaying color-tunable emis-
sions® '® are especially targeted in order for possible
applications such as new types of light sources, photoelectronic
materials, and sensor devices. The ability to tune the
luminescence properties of these materials by exploiting
molecular packing effects, rather than synthetic modifications
of chemical structure, has been studied extensively,ls’lé
although for the most part, the range of emission colors has
been limited. A straightforward and effective way to achieve
considerable varjation in emission color is to combine materials
with differing luminescence bands. This approach has already
been applied for most known white-light-luminescent materials
using species that exhibit short-wavelength and long-wave-
length visible luminescence.'”'® However, the design of such
multicomponent solid-phase systems can be fraught with
complications arising from unfavorable resonance ener
transfer and intermolecular interactions among other factors.

The above-discussed problems can be circumvented by low-
energy emission called the excited-state intramolecular proton
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transfer (ESIPT) luminescence, which is characterized by a
large Stokes shift (~10 000 cm™). The ESIPT process rapidly
occurs after photoexcitation of the intramolecular hydrogen-
bonded enol species, then the generated excited-state intra-
molecular proton-transferred species (IPT*) deactivates with
radiation of the ESIPT luminescence (IPT* — IPT) (Scheme
12).>°7** In a polar environment, where the intramolecular
hydrogen bond is not formed, the dominant “open-enol”
species that does not involve proton transfer shows normal
luminescence. Park and his group designed a white-light-
emitting compound by incorporating two different ESIPT-
emitting units within a single molecule.*> We have previously
reported a white-light-emitting solid that combines two
compounds displaying normal and ESIPT luminescence,
respectively.”* It has become apparent that integrating normal
and ESIPT luminescence is a promising approach for inducing
large changes in emission color.
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Scheme 1. (a) Energy Diagram Illustrating the ESIPT
Process, (b) Chemical Structures of 1—3, and (c) Hydrogen-
Bonded-Enol (1a, 2a) and Open-Enol (1b, 2b) Forms
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Dual luminescence arises when both the ESIPT process and
normal process occur simultaneously within the same material.
Hence, we seek to realize large variations in emission color by
controlling the dual luminescence of a single luminescent
component.

ESIPT luminescence of 2-(2’-hydroxyphenyl)imidazo[1,2-
a)pyridine (HPIP) was first studied by Acufia and Douhal,>~*’
and that of some derivatives was reported recently by a group
of Gryko and Cyrafiski.”® Our group reported bright ESIPT
luminescence in the solid state.”” "

In this study, we show that relative intensity of the normal
and ESIPT emissions from HPIP derivatives, 1 and 2 (Scheme
1b), within spin-coated polymer films can be tuned by altering
the surrounding matrices, resulting in a wide range of
luminescence colors.

B EXPERIMENTAL SECTION

Materials. HPIP (1),*® 6-cyano HPIP (2),*° and the methoxy-
containing derivative (3)*° (Scheme 1b) were prepared according to
the previously reported method. The following commercially available
polymer/solvent sets were then used for spin-coating: polystyrene (PS,
Aldrich, M,, ~230000)/CHCl;, poly(vinyl acetate) (PVAC, Kanto,
M,, ~170 000)/CHCI,, poly(bisphenol A carbonate) (PC, Aldrich, M,,
~45000)/CHCl,, poly(methyl methacryrate) (PMMA, Aldrich, M,,
~120 000)/CHCl,, poly(vinyl alcohol) (PVA, Aldrich, 80% hydro-
lyzed, M, 9000—10 000)/ethanol—water (70 v/v%), and poly-
(ethylene glycol) (PEG, Fluka, M,, ~35000)/ethanol. Quartz plates
(15 X 15 X 1 mm) were obtained commercially and rinsed with
ethanol in an ultrasonic bath for 10 min before use.

Methods. Spin-coated films were prepared with a Mikasa MS-A100
spin coater. A drop of polymer solutions (100 g dm™) containing
either HPIP (1) or 6-cyano HPIP (2; 0.5 w/w% with respect to
polymer) were spin-coated at 1000 rpm onto quartz plates and then

dried in a vacuum at 80 °C for 12 h. Dilute PVA solutions (5.0 g dm™
in 70 v/v% ethanol /water) containing higher concentrations of 2 2,5,
10, and 30 w/w% with respect to PVA) were spin-coated for preparing
films with higher content of 2 (thickness: ~0.1 ym).

Luminescence spectra of polymer films were recorded on a JASCO
FP-6600 spectrofluorophotometer equipped with an ILF-533 integral
sphere, and the quantum yields were calculated with a built-in software
based on a literature method.*” IR spectra were measured on a JEOL
WINSPECI100 spectrophotometer. Quantum chemical properties of
the enol and intramolecular proton-transferred (IPT) species of 1 and
2 were calculated by density functional theory (DFT) after geometry
optimization using B3LYP/6-311++G(d,p) basis set. The calculation
job files are presented in Supporting Information. These calculations
were 3erformed with a Gaussian 09W, Gaussian Inc. (Revision
D.01).

Bl RESULTS AND DISCUSSION

Matrix-Induced Color Tuning of Luminescence.
Smooth, colorless, transparent films of various polymers
containing 1 and 2 (0.5 w/w%) were successfully spin-coated
onto quartz substrates. Upon UV-light irradiation, films
containing 1 showed green to yellow-green luminescence, and
those of 2 produced a variety of luminescent colors such as
purple, yellow, and orange. As shown in Figure 1, emission
spectra of 1 and 2 held within these polymer films were
composed of dual emission bands at around 370—410 nm and
520—580 nm.
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Figure 1. Emission spectra (4, = 333 nm) of spin-coated films
containing 0.5 w/w% of 1 (a) and 2 (b) in PS (red) PVAC (black),
PC (green), PMMA (orange), PVA (blue), and PEG (purple).
Emission intensities are normalized with respect to quantum yield.

We previously reported that 1*° and 2*! exhibit polymorph-
dependent luminescence as their differing crystal structures
cause them to luminesce with different colors. The emission
spectra of the polymorphic crystals are composed of only a
single, largely Stokes-shifted band at around 500—600 nm,
assigned as ESIPT luminescence from IPT* species generated
by excitation of the hydrogen-bonded-enol species (1a and 2a,
Scheme 1¢).*® On the other hand, 1 shows a weak normal
emission band at around 370 nm in a protic solution, which is
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attributed to the species not engaged in an intramolecular
hydrogen bond in the ground state (open-enol form; 1b).*°
The protic solvent encourages dissociation of the intra-
molecular hydrogen bond within 1a to produce 1b. Therefore,
two distinct emission bands of the polymer films are assignable
to normal and ESIPT luminescence from open-enol (1b and
2b) and hydrogen-bonded species (1a and 2a), respectively.
To confirm the above assignment, the luminescence
properties of 1 in PMMA film (0.5 w/w%) were compared
with those of the two crystalline polymorphs,®® 1 in a dilute
ethanol solution, and methoxy derivative 3 (intrinsically unable
to form an intramolecular hydrogen bond) in PMMA film
(Figure S1, Table 1). As for the lower-energy emission band of

Table 1. Photophysical Properties of HPIP Derivatives 1 and
3

compound Aem/DM () 7/ns

1 crystal” polymorph I 496 0.50 5.61

polymorph II 529 0.37 5.84
PMMA film (0.5 w/w%) 377 0.40 b

523 4.89

ethanol solution 377 0.10 0.99

cyclohexane solution 570 0.03 1.67

3 PMMA film (0.5 w/w%) 382 0.30 2.84

“Ref 29. PNot measured.

1 in PMMA film observed at around 550 nm, the character-
istically large Stokes shift and nanosecond-order lifetime were
similar to those of the polymorphic crystals. On the other hand,
the higher-energy emission at around 380 nm was also
observed for 1 in ethanol solution, and for 3 in a PMMA
film. It can therefore be concluded that the higher-energy
emission band is due to normal emission from 1b (open-enol
form), and that the lower-energy emission band is due to
ESIPT luminescence from the intramolecularly hydrogen-
bonded form (1a) via IPT*. Thus, the two emission bands
produced by 1 and 2 are attributable to coexisting forms within
each sample.

We then examined an opposite shift of the ESIPT
luminescence of 1 observed in polar matrices: blue shift in
PVA and red shift in PEG. As proposed in Figure S2ab
(Supporting Information), both matrices and the emitting
species of 1 can be hydrogen-bonded, but in different modes. In
PVA, a hydrogen bond could be formed between alcoholic
hydrogen and oxygen of 1 (Figure S2a, Supporting
Information), whereas in PEG, a hydrogen bond could be
formed between N—H hydrogen of 1 and oxygen of PEG
(Figure S2b, Supporting Information). Meanwhile, computa-
tional simulation on the ESIPT luminescence indicates that the
electron density of IPT* is localized on the imidazo[1,2-
a]pyridine unit, whereas that of IPT is localized on the phenoxy
unit (Figure S2c,d, Supporting Information). Therefore, in
PVA, the proposed hydrogen bond formation would result in
lowering the energy level of IPT by somewhat neutralizing the
high electron density on the phenoxy unit, but would be hardly
effective on the energy level of IPT* because of deficient
electron density on the phenoxy unit. Thus, the ESIPT
emission energy (IPT* — IPT) gets larger, ie., blue shift. On
the basis of the similar discussion, hydrogen bonding to N—H
would lower the energy level of IPT*, but not that of IPT,
resulting in smaller emission energy in PEG.

The CIE 1931 chromaticity diagram of the luminescing
polymer films is shown in Figure 2. Whereas the x,y coordinate
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Figure 2. CIE 1931 chromaticity diagram of the luminescence (4, =
330 nm) of spin-coated films containing 0.5 w/w% of 1 (a—f) and 2
(A—F) in PS (a, A) PVAC (b, B), PC (c, C), PMMA (d, D), PVA (e,
E), and PEG (f, F). Images in the upper right corner show polymer
films luminescing under a UV lamp (365 nm).

of 1 in various matrices was similar, those of 2 depended greatly
on the nature of the polymer matrix. To understand such large
color variation, the effect of matrix composition on the
maximum emission wavelength (A,) and the normal/ESIPT
emission intensity ratio (Iy/I;) was examined. As shown in
Table 2, the A, values of both normal (N) and ESIPT (E)
luminescence bands of 1 and 2 were not greatly affected by the
matrices. The normal luminescence maxima appeared within a
range of 10 nm, indicating practically no change in the emission
color. Though the ESIPT luminescence band was slightly more
susceptible to the polymer matrix, the change in 4., does not
explain the apparently large change of emission color.

On the other hand, the I/I; intensity ratio of 2 varied
greatly with the polymer matrix. The relative intensities of
normal emissions brought about by polar polymers, such as
PVA and PEG, were considerably higher than those induced by
nonpolar polymers. Therefore, the large change in the observed
emission color of 2 is ascribed to the alteration of I/I rather
than a shift in the 4., of these bands. Because normal and
ESIPT emissions originate from 2b and 2a, respectively, the
polymer matrix appears to have a large effect on the relative
abundance of these species. In polar polymer matrices having
hydrogen-bond donor and/or acceptor groups, hydrogen
bonding with surrounding matrix might be facilitated, resulting
to decreased abundance of 2a.

The matrix-induced change in emission color was much
larger for cyano-substituted 2 than it was for 1. The effect of
substitution on the photophysical properties of these HPIP
derivatives was analyzed previously by an ab initio quantum
chemical method.®® The report attributed the red-shifted
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Table 2. Photophysical Properties of 1 and 2 in Polymer Matrices

compound 1 2
Aem/DM Aem/nm
polymer £ Qs (nm) N® E€ L/ @ As (nm) N® E° In/I:2 )
PS 2.5 336 534 0.02 0.30 359 404 585 0.47 0.05
PVAC 2.9 330 375 524 0.30 0.30 346 404 571 1.47 0.07
PC 32 333 381 527 0.33 0.31 352 407 578 0.37 0.0S
PMMA 3.9 332 377 523 0.09 0.40 351 404 569 0.90 0.10
PVA 10 331 373 517 0.62 0.38 346 402 540 7.65 0.10
PEG 332 376 540 1.07 0.23 347 414 574 23 0.04

“Dielectric constant of polymer (ref 34). “Normal emission. “ESIPT emission. “Intensity ratio of the normal (Iy) to ESIPT (I;) emissions at their

maximum wavelengths.

ESIPT emission of 2 to the decreased HOMO—LUMO gap in
the proton-transferred species (Scheme 1a).

The remarkable susceptibility of 2 to its surrounding polymer
matrix cannot be explained directly from the above analysis. We
therefore measured IR spectra of powder samples of 1 and 2,
and found their OH stretching peaks (vo_g) at 3132 and 3137
cm™', respectively (Figure S3, Supporting Information).
Because both compounds predominantly exist as the intra-
molecularly hydrogen-bonded forms (la and 2a) in the
crystalline and amorphous solid, the higher wavenumber
stretching frequency (vo_y) of 2 indicates that its intra-
molecular hydrogen bond is weaker than that of 1. Density
functional theory (DFT) calculations (B3LYP/6-311++G-
(d,p)) show that the ground state total negative charge on
nitrogen at 1-position of 2 (—0.124) is slightly smaller than that
within 1 (—0.134), probably due to the electron-withdrawing
nature of the 6-cyano substituent in the former. The imidazole
nitrogen of 2 is therefore suspected to be a weaker hydrogen-
bond acceptor than that of 1, which would explain the dramatic
effect of different polymer matrices on the luminescence
properties of 2, especially when comparing the effects of polar
(PVA and PEG) versus nonpolar polymers.

Concentration-Dependent Color Tuning of Lumines-
cence within PVA Films. In both crystalline and amorphous
solids composed of a single substance, wherein each molecule is
surrounded by others just like it, 2, which exists exclusively as
2a, exhibits yellow ESIPT luminescence. On the other hand, a
sample containing 0.5 w/w% 2 in a polar PVA matrix displayed
a dominant normal emission, indicating that in this case most of
2 exists as 2b. Therefore, the relative intensity of the two
emission bands (Iy/I;) can also be tuned by varying the
concentration of 2 in PVA. Because of the low solubility of 2 in
70 v/v% ethanol/water, a diluted PVA solution (5.0 g dm™)
was used for preparation of the spin-coated films containing 2,
5, 10, and 30 w/w% of 2 with respect to PVA. The thin films
prepared on quartz plates were transparent and colorless.
Increasing the concentration of 2 (>50 w/w%) resulted in
opaque films due to the heterogeneous dispersal of 2. The
thickness of these films was approximately 0.1 ym, which was
less than 10% of the thickness of those prepared from the dense
PVA solution (100 g dm™). Figure 3 shows the luminescence
spectra of the prepared PVA films. As the concentration of 2
increased, the normal emission gradually decreased with
concomitant intensification of the ESIPT emission (Table 3).

As shown in Figure 4, increasing the concentration of 2
within the film induced a change of emission color from purple
to white to green. As indicated by the linearity of the plotted
color indices in the chromaticity diagram, the observed
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Figure 3. Emission spectra (4, = 333 nm) of the spin-coated PVA
films containing different amounts of 2 (2—30 w/w%). Emission
intensities were normalized with respect to their absorbances at 333
nm.

Table 3. Relative Intensities of the Normal (Iy) to ESIPT
(I) Emissions As a Function of Concentration of 2 within
PVA Films

run 2 in PVA (w/w%) I/ I* ()
1% 0.5 7.65 0.10
2° 2 5.13 —d
3¢ 5 2.56 0.13
4° 10 1.44 021
5 30 0.82 0.24

“Calculated at peak maxima. “Prepared from a concentrated polymer
solution (100 g dm™) because the emission observed from a film
prepared from a dilute polymer solution exhibited poor signal-to-noise.
“Prepared from dilute polymer solutions (S g dm™). “Not determined
because of the low emission intensity.

emission color change was due to alteration of the relative
intensities of the normal and the ESIPT emission bands. Thus,
higher concentrations of 2 diminished the effect of the polar
PVA matrix, because of the increased abundance of ESIPT-
emitting 2a relative to normal-emitting 2b.

B CONCLUSIONS

HPIP derivatives, 1 and 2, within spin-coated polymer films
exhibit dual luminescence composed of the normal and ESIPT
emissions. The purple normal luminescence band is produced
by the open-enol form, 1b and 2b, whereas the greatly Stokes-
shifted yellow ESIPT luminescence band resulted from the
intramolecular hydrogen-bonded enol form, 1a and 2a, via the
IPT* state. By altering the surrounding matrices, relative
intensity of the two emissions can be tuned as a result of
change in the abundance ratio of the two enol forms. We
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Figure 4. CIE 1931 chromaticity diagram of the luminescence (4,, =
333 nm) of spin-coated PVA films containing 0.5—30 w/w% of 2. “N”
and “E” represent the color indices of the normal and ESIPT emission
bands, respectively. The images below show luminescence of the
polymer films and the powder of 2 under a UV lamp (365 nm).

particularly demonstrate how the luminescence of 2 within
spin-coated polymer films can be tuned to produce a wide
range of colors, from purple to orange, by changing its
concentration within and the type of the polymer matrix. The
luminescence properties of 2 were highly susceptible to the
surrounding matrix, an observation ascribed to the formation of
a relatively weak intramolecular hydrogen bond resulting from
the electron-withdrawing 6-cyano group. These results
demonstrate that the polarity of the surrounding matrix
controls the relative intensities of the emission bands produced
by normal and ESIPT luminescence processes.

Transparent polymer films have various uses, such as optical
materials and surface coating. We therefore think that the
results presented here would offer a promising system that can
effectively and conveniently control the luminescence color of
dye-doped polymer films.

B ASSOCIATED CONTENT

© Supporting Information

Emission spectra of 1 and 3 in organic solutions and crystalline
materials, infrared spectra of 1 and 2, and the job files of the
DFT calculation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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