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ABSTRACT: A new molecular design concept for colorless and multicolor light-emitting polyimides (PIs)
based on excited-state proton transfer is proposed. The ultraviolet—visible optical absorption spectra and
fluorescence spectra of Pls containing hydroxy groups in their anhydride moieties and their corresponding
imide compounds were extensively investigated. N-Cyclohexyl-3-hydroxyphthalimide (3HNHPI), which
forms intramolecular hydrogen bonding between the hydroxy group and imide carbonyl group, exhibited an
excited-state intramolecular proton transfer (ESIPT) emission at 534 nm with excitation at 332 nm having a
large Stokes’ shift of 11394 cm™". The highly fluorescent PIs, prepared from 4,4'-oxidiphthalic dianhydride
(ODPA) and 4.,4'-diaminocyclohexylmethane (DCHM) end-capped with 3-hydroxyphthalic anhydride, are
colorless and exhibited two characteristic fluorescence peaks at 400 and 530 nm with excitation at 340 nm.
These PIs showed gradated multicolor emission (blue, light-blue, white, and light-green) depending on the
amount of fluorescent termini while maintaining colorless and transparence. It was clarified that ESIPT

emission is a useful tool for controlling the absorption and fluorescence properties of Pls.

1. Introduction

Fully aromatic polyimides (Ar-Pls) are well-known high-
performance engineering plastics exhibiting outstanding physical
and chemical properties: thermal and chemical stability, flame
resistance, radiation resistance, mechanical strength, and flexi-
bility.! Ar-PIs synthesized from pyromellitic dianhydride and
bis(4-aminophenyl) ether (PMDA/ODA) and from 3,3 ,4,4'-
biphenyltetracarboxylic dianhydride and p-phenylenediamine
(s-BPDA/PDA) are representative ones, and they have been
commercialized as Kapton-H and Upilex-S, respectively. Ar-PIs
have been used in a wide range of high-tech fields, such as
aerospace, electric, electronic and photonic applications. Addi-
tionally, fluorinated PIs and/or semialiphatic PIs (Al-Pls) have
attracted much interest as a new class of electronic and optical
material due to their colorlessness, hlgh transparency, low refractive
indices, and low birefringence.” ® For example, they have been
applied to waveguides and optical peripheral components with highly
controlled optical properties in the visible and near-IR regions.’

The origin of the absorption bands of PIs can be classified into
two types of electronic transitions.*'® The first one is a “locally
excited” (LE) transition which occurs in the dianhydride moiety,
and the second one is a “charge transfer” (CT) transition origi-
nating from the CT complexes formed between the electron-
donating diamine and the electron-accepting dianhydride moie-
ties. Although the former absorption bands are observed in all
kinds of PIs, i.e., fully aliphatic PIs, Al-PIs and Ar-PlIs, the latter
absorption bands are generally observed only in Ar-PIs because
of the high electron-donating and electron-accepting pr er-
ties of aromatic diamine and dianhydride, respectively.**¢7!!
The energy gaps of CT transitions, which are smaller than those
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of LE transitions, displace the absorption edges of Ar-PI films to
the longer wavelength region (4 > 400 nm, visible region), which
is the essential cause for the orange to brown colors of conven-
tional Ar-PI films. In the case of PMDA/ODA, the CT absorp-
tion and emission bands are observed at around 400 and 600 nm,
respectively.'*!? In addition, Hasegawa and co-workers™'" re-
ported that s-BPDA/PDA exhibited a broad CT emission band at
560 nm, and the excitation spectrum coincided with its absorption
spectrum. They concluded that the CT emission of the PI is
caused not only by direct excitation at the CT absorption band,
but also by LE transition within the s-BPDA moiety, followed by
energy transfer from the LE to the CT state. The photolumine-
scence quantum efficiency (®) of CT emission is generally very
low; for example, the ®@ value of PMDA /ODA was reported to be
9.7 x 1071

Very recently, the present authors'® proposed the following
molecular design concept for synthesizing ‘highly fluorescent PIs’
without fluorescent-dyes:

(1) Use of alicyclic diamines: The @ values of the CT
emissions in PIs are very low due to the very small
oscillator strengths of CT transitions. The use of
alicyclic diamines effectively prevents CT complex
formation owing to their low electron-donating proper-
ties, and hence the Al-PIs can exhibit LE fluorescence.

(2) Use of aromatic dianhydrides with extended con-
jugation: The ® values of LE(n—x*) emissions are
also very low, which is due to the very small oscilla-
tor strengths of LE(n—x*) transitions. Since the
energy of the LE(wr—n*) state rapidly falls by in-
creasing the conjugation length, the Al-PIs prepared
from dianhydrides having extended conjugation
with biphenyl or ether linkages exhibit efficient LE-
(mr—m*) emissions whose @ is significantly higher
than that of LE(n—x*) emissions.

© 2010 American Chemical Society
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Scheme 1. Schematic Representation of Excited-State Proton Transfer
(ESIPT) Photocycle Scheme
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(3) Use of dianhydrides with flexible internal linkages:
The dense chain packing of PIs lowers the ® values
due to strong interchain interactions. Dianhydrides
involving flexible linkages such as ether groups in the
main chain lead to loose chain packing of PIs, which
increases the @ values.

Although the highly fluorescent PIs thus obtained, e.g. ODPA/
DCHM (poly(4,4'-dicyclohexylmethylene 3,3',4,4'-oxidiphthalic
imide), exhibit high transparency in the visible region, they
demonstrate only blue emission with excitation by UV light.
Our group has also reported that Al-Pls synthesized from per-
fluorinated aromatic dianhydrides, such as 1,4-bis(3,4-dicarboxy-
trifluorophenoxy)tetrafluorobenzene dianhydride and difluoro-
pyromellitic dianhydride, exhibited strong bluish green and red
emissions, respectively.'® This indicates that fluorinated aromatic
dianhydrides can provide fluorescent PIs with red-shifted emis-
sions. However, fluorinated PIs exhibited strong absorption at
the shorter wavelengths in the visible region (400—600 nm), which
deteriorates optical transparency. Since colorless and highly
transparent PI films are preferable for optical and photonic
applications, a new molecular design concept for controlling
the fluorescent colors (emission wavelengths) while maintaining
high optical transparency has been strongly required.

It has been reported that certain types of aromatic compounds
having acidic and basic groups undergo excited-state intramole-
cular proton transfer (ESIPT) as a result of increases in acidity
and basicity upon excitation. 3-Hydroxyflavone derivatives, ¢~
2-(2/-hydroxyphenyl)benzazole®® > (benzoxazole (HBO),> >
benzimidazole (HBI),** ?° and benzothiazole (HBT)* %),
1-hydroxy-2-acetonaphthone,** ¥ salicylideneaniline,*~*°
2-(2'hydroxyphenyll)perimidine,*® and 2,5-diphenyl-1,3,4-oxa-
diazole’ " are representative ESIPT compounds, in which an
acidic and a basic groups are in close proximity with the appro-
priate geometry for strong intramolecular hydrogen bondin%
(intra-HB). These compounds have been applied to laser dyes,’
high-energy radiation detectors,*® UV-photostabilizers,*' fluor-
escent probes,*? and all-optical wavelength converter using a
polymeric Mach—Zehnder interferometer.*> A typical photo-
physical process observed in such ESIPT compounds is depicted
in Scheme 1. Excitation of an enol—cis isomer with UV radiation
forms the Franck—Condon S, excited state, which rapidly under-
goes ESIPT to produce an excited keto—cis tautomer. In the
successive decay to the ground state by radiative or nonradiative
processes, a reverse proton transfer occurs to yield the original
ground-state enol—cis isomer. The keto—cis tautomer exhibits an
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emission at a longer wavelength than that of the enol—cis isomer,
resulting in a large Stokes’ shift. Recently, ESIPT compounds have
attracted much interest as emitting materials. Park et al. reported a
white-light-emitting molecule utilizing ESIPT phenomenon which
is composed of covalently linked blue- and orange-light-emitting
moieties between which energy transfer is entirely attenuated.* In
addition, polymeric materials having ESIPT units in the main
chain or side chain have also been reported.”>*~>° Chu et al.
reported that a r-conjugated polymer with HBO units in the main
chain exhibited ESIPT emission at 619 nm with excitation at
425 nm.* Accordingly, if Al-PIs are designed to incorporate
ESIPT units in the main chain, they could be candidates for
another type of “highly fluorescent PI” in which the absorption
and fluorescence wavelengths can be well controlled. On the basis
of the above literature, ESIPT emission should be observed also in
imide compounds which form intra-HB between imide carbonyls
and a phenolic hydroxy group. However, to the best of our
knowledge, no such ESIPT behavior has been reported for imide
compounds.

In this paper, first, the ultraviolet—visible (UV/vis) optical
absorption and fluorescence spectra of low-molecular-weight
imide compounds having a hydroxy group in the anhydride
moiety are examined. To clarify the effect of the hydroxy group
on the absorption and fluorescence properties of imide com-
pounds, the density functional theory (DFT) calculations are
utilized. Second, the absorption and fluorescence spectra of a
series of Al-PIs (ODPA/DCHM) which are end-capped with
anhydrides having a hydroxy group are investigated to establish a
novel molecular design concept for highly fluorescent Pls ex-
hibiting high transparency in the visible region and gradated
multicolor fluorescent emission with excitation by UV light.

2. Experimental Section

2.1. Materials. Phthalic anhydride (PA), purchased from
Kanto Chemical Co., Inc., was purified by sublimation under
reduced pressure. 3-Hydroxyphthalic anhydride (3HPA), pur-
chased from Aldrich, was used as received. 4-Hydroxyphthalic
anhydride (4HPA), supplied by MANAC INC, was used as
received. 4,4'-Oxydiphthalic dianhydride (ODPA), supplied by
Shanghai Institute of Synthetic Resins, was dried at 150 °C for
12 h under reduced pressure. 4,4'-Diaminocyclohexylmethane
(DCHM), purchased from Tokyo Kasei Kogyo Co., Ltd., was
recrystallized from n-hexane and sublimed under reduced pres-
sure. N,0-Bis(trimethylsilyl)trifluoroacetamide (99" %, BSTFA)
and N,N-dimethylacetamide (anhydrous, DMAc), purchased from
Aldrich, were used as received.

2.2. Synthesis of Imide Compounds and Preparation of Poly-
imide Films. The molecular structures of low-molecular-weight
imide compounds (N-cyclohexylphthalimide (NHPI), N-cyclo-
hexyl-3-hydroxyphthalimide (3HNHPI), and N-cyclohexyl-
4-hydroxyphthalimide (4HNHPI) are shown in Chart 1. All
imide compounds were prepared by thermal imidization of the
corresponding precursors (amic acid) in the presence of a
phosphorus oxide catalyst at 140—155 °C, and they were
recrystallized from suitable solvents.

The precursors of ODPA/DCHM PlIs, poly(amic acid) silyl-
ester (PASE), were prepared by the in situ silylation method
reported by Matsumoto®' and Oishi.**>* The molecular struc-
tures of ODPA/DCHM with end groups are also shown in
Chart 1. Hereafter, ODPA/DCHM without end groups will be
abbreviated as PI-ne, and ODPA/DCHM end-capped by PA,
4HPA, and 3HPA will be abbreviated as PI-PA, PI-4HPA and
PI-3HPA, respectively. In the case of PI-ne, DCHM was dis-
solved in DMA, stirred for a few minutes, and then a 1.05 M
amount of BSTFA was slowly added. An equimolar amount of
ODPA was then added and stirred at room temperature for 48 h
to give a PASE solution. The trimethylsilylation of the amino
groups of diamines by BSTFA can avoid salt formation between
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Chart 1. Structures of Imide Compounds and End-Capped Polyimides
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unreacted amino and carboxyl groups. In the case of ODPA/
DCHM with end groups, the molar ratio of the end group (r) is
defined as follows:

100 x m(end)

" m(end) + 2m(ODPA) )

where m(end) and m(ODPA) are the molar quantities of the end
group and dianhydride, respectively. On the basis of the defini-
tion, the number-average degree of polymerization (n) of PASE
is given by (—1 + 200/r), in which the varied values of r are 1.98,
3.92,7.69 and 12.5, which corresponds to n = 100, 50,25 and 15,
respectively. The trimethylsilylated DCHM solution was pre-
pared by the same procedure as that for PI-ne. A (100 — r)/100
molar amount of ODPA was then added to the solution and
stirred at room temperature for 24 h. A /50 molar amount of the
anhydride (PA, 3HPA, 4HPA) was added and stirred at room
temperature for 24 h to give a PASE solution. The anhydride
molecules react with the terminal amino groups of the PASE chains,
which gives terminal-modified PASE chains. PI films were subse-
quently prepared by thermal imidization of the corresponding
precursors. A viscous PASE solution was spin-coated onto a fused
silica (amorphous SiO,) substrate, followed by soft-baking at 70 °C
for 1 h and subsequent thermal imidization by a one-step imidiza-
tion procedure: the final curing conditions were 220 °C for 1.5 h.
The heating rate was 4.6 °C/min from 70 to 220 °C. All curing
procedures were conducted under nitrogen flow.

2.3. Measurements. Solutions of imide compounds were pre-
pared with concentrations of from 10~*to 10~® M. Chloroform
(CHCI;5 99.9%, Kanto Chemical Co., Inc., fluorescence grade)
and trifluoroacetic acid (99.9%, Fluka, spectroscopic grade)
were used without further purification. The UV/vis absorption
spectra of solution and film samples were measured with a
Hitachi U-3500 spectrophotometer. The fluorescence spectra
of solution and film samples were measured by a Hitachi F-4500
fluorescence spectrometer equipped with a photomultiplier
tube, HAMAMATSU R3896 and R928, respectively. The
fluorescence spectra of the solutions were measured without
degassing. The front-face method was adopted for the film
samples to reduce self-absorption of emitted fluorescence. The
emission spectra were measured with excitation at the peak
wavelengths (A.,) of corresponding excitation spectra. In con-
trast, the excitation spectra were measured by monitoring the
fluorescence intensities at the peak wavelengths (Acy,) of emis-
sion spectra. The measured spectra were not corrected for the
sensitivity of photomultiplier tubes to fluorescence wavelengths.
The photoluminescence quantum efficiencies of the solution and
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film samples were measured in another way by using a calibrated
integrating sphere (HAMAMATSU (C9920) connected to a
multichannel analyzer (HAMAMATSU C7473) via an optical
fiber link. In this measurement, the samples were excited at a
controlled A, using a monochromated xenon light source, and
the solution samples were degassed by argon prior to measure-
ments. The fluorescence lifetimes of the film samples were
acquired with a HAMAMATSU fluorescence lifetime instru-
ment. The system uses a pulsed nitrogen-gas laser (1 = 337 nm,
pulse width = 500 ps) as an excitation source combined with a
streak camera (C4334) and a spectro-photometer (C5908). The
lifetime data were analyzed using a multiexponential decay
analysis program. The Fourier transformed infrared (FT-IR)
absorption spectra of KBr pellets containing imide compounds
were measured in the range 400—4000 cm ™' using a Thermo-
Nicolet Avatar-320 spectrometer. FT-IR absorption spectra of
PI films were measured in the range of 650 to 4000 cm ™' using a
Thermo-Fisher Avatar-320 spectrometer equipped with a Thunder-
dome attenuated total reflection (ATR) attachment (incident
angle 45°). The prism (internal reflection element) was made of
germanium crystal with a refractive index of 4.0. All optical
measurements were conducted at ambient temperature without
humidity control. Solution-state '*C NMR spectra were mea-
sured with a JEOL AL-400 spectrometer operating at a 'H
resonance frequency of 400 MHz. The chemical shifts were
reported in ppm (0) using tetramethylsilane (TMS) as the
standard. Thermogravimetric analyses (TGA) were conducted
with a Shimadzu DTG-60 analyzer with a heating rate of 10 °C/min.
The film thicknesses of the PIs were measured with a probe-pin-
type surface profilometer (DEKTAK-III).

2.4. Quantum Chemical Calculation. The density functional
theory (DFT), with the three-parameter Becke-style hybrid
functional (B3LYP),>* ¢ was adopted for obtaining the elec-
tronic structures and spectroscopic properties of the imide
compounds. DFT and time-dependent DFT (TD-DFT) geome-
try optimizations with the 6-311G(d) basis set were performed
for the ground (Sy) and first singlet excited (S;) states, respec-
tively. The 6-311G(d) basis set was also utilized for the calcula-
tion of IR spectra at the Sy geometry. For reproducing the
shapes of the experimental IR spectra, each calculated transition
was replaced by a Gaussian broadening function with a half-width
at half-maximum (HWHM) of 4 cm™'. The calculated wave-
numbers were scaled down by multiplying by a single factor of
0.98 for correcting vibrational anharmonicity, basis set truncation,
and the neglected part of electron correlation. The basis set of 6-311+
G(2d,p) was utilized for calculations of magnetic shielding at
the Sy geometry. The basis set of 6-311++G(d,p) was used for
generating molecular orbitals and calculating vertical excitation
wavelengths and oscillator strengths (f) at the Sp and S; geometries.
The former excitation corresponds to optical absorption. Accord-
ing to Kasha’s rule, the Sy — S; transition at the S; geometry
corresponds to emission. All calculations were performed with the
Guassian-09 A.02 program package®’ which implements analytical
gradients at the TD-DFT level. This package is installed in the
Global Scientific Information and Computing Center (GSIC),
Tokyo Institute of Technology.

3. Results and Discussion

3.1. Imide Compounds. /R Spectra of Imide Compounds.
Figure 1 shows the FT-IR spectra of three imide compounds.
All compounds demonstrated peaks at 1360, 1710, and
1780 cm™ ', which are assignable to the in-plane stretching
of imide C—N bonds, and the asymmetric and symmetric
stretching of C=0 bonds in the imide rings, respectively.
Additionally, no peaks assignable to the C—N stretching and
N—H bending of amide groups (1530 cm ") or the stretching
of carboxylic acid and/or amide C=0 bonds (1690 cm™ ")
were observed. These results indicated the completion of
thermal imidization of the precursor compounds. Note that
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Figure 1. IR spectra of imide compounds NHPI, 4HNHPI, and
3HNHPI.
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Figure 2. (a) Experimental and (b) calculated IR spectra of NHPI,
4HNHPI and 3HNHPI. The spectra have been normalized at the
asymmetric C=0 stretching bands. The calculated IR spectra were
obtained at the DFT B3LYP/6-311G(d) level, and scaling factor was
0.98.

broad O—H stretching bands are clearly observed at around
3500 cm~! in 4HNHPI and 3HNHPI, which indicates
that phenolic hydroxy groups were not deteriorated during
imidization.

Parts a and b of Figure 2 show the experimental and
calculated IR spectra normalized by the asymmetric carbonyl
stretching (vco) peaks of three imide compounds, respectively.
The peak of NHPI (exp, 1709 cm™'; caled, 1741 cm™ ") is
ascribed to the vco without infra-HB and intermolecular
hydrogen bonding (inter-HB) because NHPI possesses no
hydrogen-donating groups. In the case of 4HNHPI, which
cannot form intra-HB, the experimental vco peak (1680 cm_l)
is shifted to the lower wavenumber by 29 cm ™' relative to that
of NHPI. This should be caused by inter-HB between the imide
carbonyl and a phenolic hydroxy group of another molecule. It
has been reported that the formation of hydrogen bonding
causes a lower wavenumber shift of v peaks.’ 8 The formation
of inter-HB is also supported by the fact that 4-aminophthal-
imide, which has a hydrogen-donating group at the same
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Figure 3. Enol—cis isomer, enol—trans isomer, and keto—cis tautomer
structures of SHNHPI. Dotted lines represent intramolecular hydrogen
bondings.
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Figure 4. Optical absorption spectra of NHPI, 4HNHPI, and
3HNHPI (5% 107> M) in a CHCl; solution. The arrow denotes a weak
absorption tailing of a NHPI solution.

position as 4HNHPI, forms inter-HB between the imide car-
bonyl and an amino group of another molecule.” In fact, the
calculated vco peak of 4HNHPI ﬁ1738 cm ') appears at the
same position as NHPI (1741 cm™ ") because the DFT calcula-
tion does not include inter-HB effects. The observed peak shift
induced by inter-HB was reproduced by the DFT calculation of
a hydro%en-bonded dimer of 4HNHPI, in which a peak shift of
31 cm™ " was obtained (see Figure S1 in Supporting Infor-
mation). The absence of peaks at around 1700 cm™ " clearly
indicates that most of the 4HNHPI molecules form inter-HB.

As shown in Figure 3, 3HNHPI is expected to have
enol—cis and enol—trans isomers plus keto—cis tautomer.
According to the DFT calculations, the total energies of the
enol—trans isomer and keto—cis tautomer are higher than
that of the enol—cis isomer by 29 and 85 kJ/mol, respectively.
Assuming the Boltzman distribution at room tempera-
ture, the ratios of [enol—trans]/[enol—cis] and [keto—cisy
[enol—cis] are estimated to be 7.0 x 10™° and 1.3 x 10",
respectively, which suggests that the enol—trans isomer and
the keto—cis tautomer are negligible in the ground state.
Hence, the calculated IR spectrum of the 3SHNHPI enol—cis
isomer is shown in Figure 2b. In the case of 3HNHPI, both
the experimental and calculated vco peaks were shifted
to a lower wavenumber relative to those of NHPI (exp,
1680 cm ™ '; caled, 1717 cm™ ), which should be mainly caused
by the formation of intra-HB between the imide carbonyl and a
phenolic hydroxy group. The H12—O11 (as labeled in Figure 3)
distance (2.15 A) at the optimized geometry in the Sy state of
3HNHPI is a typical value between hydrogen and oxygen
atoms which form intra-HB.®

UV/Vis and Fluorescence Spectra of Imide Compounds.
Figures 4 and 5 respectively show the UV/vis and fluore-
scence spectra ((a) excitation and (b) emission spectra) of
NHPI, 4HNHPI, and 3HNHPI in a CHCI; solution (5 x
107> M). Table 1 summarizes the absorption peak wave-
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Figure 5. Fluorescence spectra of NHPI, 4HNHPI and 3HNHPI (5 x
107> M) in a CHCI; solution: (a) excitation spectra monitored at Aep,
(b) emission spectra excited at Aey.

lengths (A,.s), molar absorption coefficients (¢), excitation
and emission wavelengths (Aex, Aem), Stokes’ shifts (v), and
photoluminescence quantum efficiencies (PLQE, ®) for the
three compounds. Stokes’ shift is defined as the wavenumber
difference between the transition energies for excitation and
emission peaks. Table 2 lists the vertical excitation wave-
lengths, oscillator strengths (f), contributing molecular orbi-
tals (MO), assignments of electron transitions, and the
contribution of each transition calculated for the imide
compounds at the S, geometry. Here, HOMO—m and
LUMO+m denote the (m + 1)th highest occupied MOs
and (m + 1)th lowest unoccupied MOs, respectively. Accord-
ing to the time-dependent (TD) perturbation theory, the
wave function of the system, W, is expressed as ¥ => ¢
exp(—iEyt/h) @, where ¢, denotes the expansion coefficient,
and @, the eigen functions of the time-independent
Schrodinger equation having eigen values of Ej. Values of
¢i larger than 0.1 were obtained by TD-DFT calculations,
and the contribution of each ®, to the electronic transitions
can be approximated by the normalized expansion coeffi-
cient which is defined as C,Z/Z,-ckz. Table 3 lists the calculated
emission wavelength (Aem calea) and assignments for the imide
compounds computed at the S; geometry.

NHPI exhibits an absorption peak at 290 nm and a weak
absorption tailing at around 320 nm, as indicated by the
arrow in Figure 4. The spatial distributions of the MOs are
illustrated in Figure 6. The HOMO—1, which is localized
around the lone pairs of carbonyl oxygens and the imide
nitrogen, is regarded as a lone pair (n) orbital. On the other
hand, HOMO-3, HOMO-2, HOMO, LUMO and
LUMO+1 are delocalized over the anhydride moiety, and
hence they are regarded as sz orbitals. Accordingly, the
calculated transition at 323.7 nm (Sy — S;) is characterized
as an LE(n—x*) transition, and those at 305.1 nm (Sop — S»)
and 271.6 nm (Sy — S,4) are characterized as LE(w—x*)
transitions (see Table 2). The wavelength of the Sy — S,
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Table 1. Experimental Absorption Wavelengths (4,;,s), Molar Absorption
Coefficients (&), Excitation and Emission Wavelengths (Acx, Aem), Stokes’
Shifts (v) and Photoluminescence Quantum Efficiencies (®) of NHPI,
4HNHPI, and 3HNHPI (5 x 10”5 M) in a CHCl; Solution

imide /labs/ € / j'ex/ lem/ V/
compound nm cm ' M™! nm nm cm )
NHPI 294 1947 295 411 9567 0.007
4HNHPI 320 1160 312 412 7720 0.255
3HNHPI 328 3661 332 534 11394 0.352

a’V = 107 (l/lcx - l/lcm)

transition with small f values (0.0001) is in accord with the
tailing of absorption in the experimental UV/vis spectrum
(around 320 nm), which indicates that the weak tailing is
attributable to the LE(n—x*) band. In contrast, the wave-
length of the Sy — S, transition with a large f'value (0.0342) is
close to that of the absorption peak (290 nm), which indicates
that the absorption band is attributable to the LE(m—x*)
band. NHPI shows excitation and emission peaks at 295 and
411 nm, respectively (Figure 5). Hereafter, the fluorescence
peak positions will be expressed as (Aeyx/Aem)=(295 nm/411 nm).
The transition for excitation is assignable to the LE(z—x*)
transition because the A, agrees with that of the LE(x—x*)
absorption band (290 nm). In general, fluorescence is emitted
by energy relaxation from the lowest excited state (S;) to
the ground state (Sy) after fast internal conversion from the
S, to Sy states (Kasha'’s rule). Since the S; state of NHPI is
an LE(n—m*) state (see Table 2), fast internal conversion
should occur from the higher LE(wr—*) state to the lowest
LE(n—x*) state when NHPI is excited at 295 nm. Hence, the
emission peak at 411 nm is attributable to an LE(n—x*)
fluorescence. This assignment is verified by the fact that the
Aem agrees well with the calculated LE(n—x*) emission
wavelength (403.9 nm) (see Table 3). The experimental @
value obtained by excitation at 1., = 295 nm was estimated
as 0.007 by using an integrating sphere. PLQE can be
theoretically expressed as follows:®!

k()
o~ — ¢
MRS 3 @
k) =3 x 10‘9702/5 dv = 7’f (3)

where keo is the radiative rate constant,  k; the sum of all
nonradiative rate constants, v, the energy corresponding to
the maximum wavelength of absorption, ¢ the molar absorp-
tion coefficient, and f the oscillator strength for absorption.
As shown in Table 2, the calculated oscillator strength of the
LE(n—us*) transition (So — S;) is very small (0.0001), which
results in a small k,° of the LE(n—x*) band (see eq 3). In
addition, it was reported that the fast intersystem crossing
from the '(n,7*) to the 3gn,r5*) state occurs in N-alkyl-
substituted phthalimide*®** and subsequently radiationless
T, — Sy intersystem crossing occurs at room temperature,
which increases the Y k;. According to eq 2, the combination
of small k,° and large S k; values results in the low ® value.
Consequently, the very small @ value experimentally ob-
tained for the LE(n—x*) fluorescence in NHPI should
originate from the small oscillator strength of the LE(n—x*)
transition and the fast intersystem crossing.

4HNHPI shows two absorption peaks at 290 and 320 nm
(Figure 4). The calculated transitions of 4HNHPI appearing
at 326.2 nm (Sp — S;) and 276.3 nm (Sy) — S4) with large

f values (>0.01) are assignable to LE(wr—x*) transitions
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Table 2. Calculated Electronic Transitions of NHPI, 4HNHPI, and 3HNHPI at the Optimized S, Geometry“"’

imide compound state  transition wavelength/nm  oscillator strength orbitals character of transition  contribution
NHPI N 323.7 0.0001 HOMO-1 — LUMO n—m* 1.00
S, 305.1 0.0005 HOMO — LUMO =¥ 1.00
S4 271.6 0.0342 HOMO-2 — LUMO =¥ 0.75
HOMO — LUMO+1 0.17
HOMO-3 — LUMO+1 0.08
4HNHPI S 326.2 0.0128 HOMO-2 — LUMO =¥ 0.96
HOMO — LUMO 0.04
S, 319.1 0.0001 HOMO-1— LUMO n—m* 1.00
Sy 276.3 0.0160 HOMO-2 — LUMO w—a* 0.45
HOMO — LUMO+1 0.32
HOMO-3 — LUMO 0.20
HOMO-3 — LUMO+1 0.03
3HNHPI enol—cis N 3243 0.0930 HOMO-1 — LUMO+1 w—* 0.83
HOMO — LUMO 0.13
HOMO-1 — LUMO 0.04
S, 320.5 0.0001 HOMO-2 — LUMO n—m* 1.00
S3 304.0 0.0241 HOMO — LUMO = 0.89
HOMO-1 — LUMO 0.11
3HNHPI keto—cis Si 4474 0.1438 HOMO — LUMO =¥ 0.92
HOMO-2 — LUMO 0.05
HOMO-2 — LUMO+1 0.03
S3 3354 0.0175 HOMO-2 — LUMO =¥ 0.98
HOMO — LUMO 0.02
S4 300.4 0.0001 HOMO-3 — LUMO n—m* 1.00
“TD-DFT calculations at the [B3LYP/6-311G++(d.p)] level. ® Prohibited transitions (f = 0) are not listed.
Table 3. Calculated Emission Wavelengths (Aem,calca) and NHPI 4HNHPI 3HNHPI
Their Assignments of NHPI, 4HNHPI, and 3HNHPI
.. WVeors oSfe::
imide compound Aem.caled/NM assignment LUMO+1 .“.. 2. .0‘: 7 ..‘? %
NHPI 403.9 n—m* : @ Y 4 @
AHNHPI 444.4 n—m* o S ‘:s »e gao. i,
3HNHPI (enol—cis) 4553 —* e e ’ ’
3HNHPI (keto—cis) 540.2 T—* [

(see Table 2), and thereby these absorption bands are readily
attributable to the LE(sr—s*) bands. A fluorescence peak is
observed at (312 nm/412 nm) whose A., value agrees with
that of the LE(7r—x*) absorption band (Figure 5). Since the
transition of excitation is attributable to the LE(m—m*)
transition of Sy — S;, no internal conversion occurs after
the excitation at 315 nm. Accordingly, the emission at
412 nm is assignable to an LE(r—x*) fluorescence. The Aepy,
value is close to the calculated LE(r—x*) emission wave-
length (444.4 nm) (see Table 3), which also supports the
assignment. The ® value of 0.255 is much higher than that of
NHPI (0.007), which should mainly originate from the large
oscillator strength of the LE(r—x*) transition (0.0128) and
slow intersystem crossing from the '(7,7%) to the (%)
state, according to eqs 2 and 3. Consequently, the introduc-
tion of a hydroxy group in the anhydride moiety lowers the
(7r,7r*) energy level, which significantly enhances the fluore-
scent efficiency of the LE emission.

3HNHPI shows an intense absorption peak at 332 nm
(Figure 4). The calculated transition of the enol—cis isomer
appearing at 324.3 nm (So— S;) and 304.0 nm (Sp — S3) with
a large f value (>0.02) is attributable to the LE(x—xa%*)
transition (see Table 2), and hence the absorption band is
readily assignable to an LE(r—x*) band of the enol—cis
isomer. The keto—cis tautomer of 3HNHPI shows a transi-
tion with a large f'value (0.1438) at 447.4 nm (see Table 2).
The absence of experimental absorption in the visible region
(A > 400 nm) indicates that few keto—cis tautomers exist in
the ground state of 3HNHPI. A fluorescence peak observed
at (328 nm/534 nm) exhibits a much larger Stokes’ shift
(12382 cm™ ') than that of 4AHNHPI (7779 cm ™) (see Table 1
and Figure 5). The transition for this excitation is

HOMO .]i‘g

HOMO-1 3@ i

HOMO-2 gi- 34,

HOMO-3 (*@6. fsé’:‘
M ? L]

Figure 6. Calculated molecular orbitals of NHPI, 4HNHPI and
3HNHPI (TD-DFT method at the B3LYP/6-311++G(d,p) level).
HOMO-m and LUMO+m denote the (m + 1)th highest occupied
orbital and the (m + 1)th lowest unoccupied orbital, respectively.

9 ° . s -‘;‘
"‘?i"’f ":4“f'

attributable to the LE(x—x*) transition of the enol—cis
isomer because the A., value agrees with that of the LE-
(m—a*) absorption band. In general, a large Stokes’ shift
suggests additional photophysical processes in the excited
states, which frequently accompany substantial changes in
the geometrical and electronic structures of molecules. One
possible interpretation for the emission of 3HNHPI with a
large Stokes’ shift is that the enol—cis isomer underwent an
excited-state intramolecular proton transfer (ESIPT) reac-
tion after excitation at 328 nm, and subsequently a keto—cis
tautomer was generated. This hypothesis is suggested by the
following facts. First, the calculated emission wavelength of
the keto—cis tautomer (540.2 nm) (see Table 3) is comparable
to the experimental emission wavelength (534 nm). Second,
the values of 4., and the Stokes’ shift are close to the tgpical
values of ESIPT fluorescence in the literature.'*™" For
example, 3-hydroxyflavone exhibited an emission peak at
520 nm with excitation at 340 nm, in which the Stokes’ shift is
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Figure 7. Solution-state '>*C NMR spectra of 3HNHPI in (a) CDCl;
and (b) trifluoroacetic acid-d (TFA-d). Asterisks denote the signals
from TFA. C1—CS8 are as labeled in Figure 3.

10180 cm™ "' Third, the ground-state equilibrium of
3HNHPI could be exclusively dominated by the enol—cis
isomer which forms a stable six-membered circular structure
with intra-HB (Figure 3). Similar structures are frequently
found in typical ESIPT compounds.

The photophysical mechanism of 3HNHPI can be exam-
ined from the changes in the fluorescence spectrum of
3HNHPI in an acidic condition. Roberts and co-workers’
have reported the solvent effects on the ESIPT fluorescence
of 2-(2’-hydroxyphenyl)benzimidazole (HBI). By increasing
the concentrations of trifluoroethanol (TFE) having a strong
hydrogen-donating property, the emission originating from a
keto—cis tautomer at 470 nm faded with the appearance of a
weak emission between 350 and 400 nm. The newly appeared
emission is attributable to that from the enol isomer, indicating
a decrease in population of the ground-state molecules forming
intra-HB. This indicates that the intra-HB was effectively
weakened or disrupted by the formation of inter-HB between
proton-accepting HBI and proton-donating TFE. If the emis-
sion of 3HNHPI at 530 nm originates from the keto—cis
tautomer generated by the ESIPT reaction, the fluorescent
emission from the enol isomer should be observed in an acidic
condition.

To clarigy the solvent effect on the hydrogen-bonded
structure, '*C NMR spectra of 3HNHPI were measured in
a chloroform-d (CDCls) and trifluoroacetic acid-d (TFA-d)
solution. The spectra in the range of from 100 to 180 ppm
from TMS are shown in Figure 7. The signals were assigned
based on the DEPT-135 measurement (selective observation
of protonated carbons) with the aid of DFT magnetic
shielding calculations (C1—C8, as labeled in the molecular
structure in Figure 3). The DEPT-135 spectra and the
magnetic shieldings (o) are shown in Figures S2 and S3 in
Supporting Information, respectively. The signals in the
range of from 110 to 160 ppm are assignable to the aromatic
carbons. The o values of C8 and C7 for the enol—cis isomer
are 5.41 and 8.42, respectively. The smaller o of C8, which
corresponds to the signal which resonated at a higher
frequency, should originate from the intra-HB formed be-
tween imide carbonyl (C8) and the phenolic hydroxy group.
Thereby, the signals at 170.7 and 167.9 ppm are assignable
to C8 and C7, respectively. In the TFA-d solution, although
the relative signal positions of the aromatic carbons are
almost the same as in CDCl;, only one signal was observed
at 172.0 ppm for the carbonyl carbons. The inter-HB should
be preferentially formed between imide carbonyl (C8) and
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Figure 8. Optical absorption and fluorescence spectra of 3HNHPI (5 x
107> M) in a TFA solution.

TFA compared with the intra-HB because the acidity of TFA
is much higher than that of the hydroxy group in 3HNHPI.
Moreover, the inter-HB can also be formed between imide
carbonyl (C7) and TFA, and thus the local electronic environ-
ments of C7 and C8 could be almost identical. This results in
the one carbonyl carbon resonance of 3HNHPI in TFA-d.

Figure 8 shows the UV/vis and excitation/emission spectra
of 3HNHPI in a TFA solution(5x 107> M). The UV/vis
spectrum demonstrated an absorption peak at 340 nm.
According to the DFT calculation, the monocationic species
of 3HNHPI should exhibit an electronic transition with a
large f value (>0.1) at around 380 nm (see Chart S1 and
Table S1 in Supporting Information). The absence of strong
absorption above 380 nm in the experimental spectrum
indicates that 3HNHPI was not protonated in TFA, and
thus the absorption band is attributable to the LE(m—x*)
band of the enol isomer which forms inter-HB. Unlike the
CHClI; solution, two fluorescence peaks were observed at
(339 nm/438 nm) and (339 nm/518 nm) in the TFA solution.
The excitation transition is readily assignable to the LE-
(;r—a*) transition of the enol isomer because the value of 1.,
coincides with that of the LE(r—x*) absorption band. In the
case of the former peak, the emission transition should be
attributable to the LE(r—x*) fluorescence of the enol isomer
which forms inter-HB, in which intra-HB was disrupted by
TFA. This is because the value of A, is close to the
calculated emission wavelength of the enol—cis isomer
(455.3 nm) (see Table 3). Consequently, the latter fluore-
scence peak at (339 nm/518 nm), whose peak positions are
close to those in the CHCl; solution, is readily attributable to
the keto—cis tautomer of 3HNHPI formed via the ESIPT
reaction. The ESIPT emission in TFA (A¢y, = 518 nm) is
slightly blue-shifted compared to that of the CHCl; solution
(Aem = 530 nm), which indicates that the keto—cis structure
in the excited states was destabilized by the formation of
inter-HB.

The schematic photophysical processes of 3SHNHPI in the
CHCI; and TFA solutions and their photo images under UV
light (1 = 365 nm) irradiation are shown in Scheme 2, partsa
and b, respectively. Both solutions exhibit green-color fluore-
scent emission. First, in the CHCls solution, the excitation of
the enol—cis isomer (E) with UV irradiation generates the
excited enol—cis isomer (E*). Second, an adiabatic ESIPT
reaction subsequently occurs, which yields the excited keto—
cis tautomer (K*). Third, the excited keto—cis tautomer
decays radiatively to the ground state of the keto—cis
tautomer (K). Finally, a backward proton transfer promptly
occurs, which restores the initial enol—cis isomer. According
to eqs 2 and 3, the ® value of 3HNHPI should be influenced
by the oscillator strength (f) of the LE(w—s*) transition
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Scheme 2. Schematic Representation of the Excitation and Emission Mechanism with the ESIPT Photocycle Scheme of Green-Light-Emitting
3HNHPI in a (a) CHCl; and (b) TFA Solution”
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“Inset: photo images of 3HNHPI solutions under UV light (1 = 365 nm) irradiation.

(Sp — Sy) of the keto—cis tautomer at the Sy geometry. The
calculated f value (0.1438) is much larger than that of the
LE(r—n*) transition (So — S;) of 4HNHPI (see Table 2),
which should be the main cause of the higher ® value of
3HNHPI in CHCI; (0.352) compared to that of 4HNHPI
(0.255). In the case of the TFA solution, the enol—cis
isomer with inter-HB (Ec,*) should undergo the ESIPT
reaction to produce the hydrogen-bonded keto—cis tauto-
mer (K,*). However, the ESIPT reaction is partially inhibi-
ted by inter-HB, and thus the LE(7—x*) emission attribu-
table to Ec, was observed. The representative optimized
geometrical parameters of the enol—cis isomer and the
keto—cis tautomer in the S, and S; states are collected
in Table S2 in Supporting Information (e.g., C1—H14, as
labeled in the molecular structure in Figure 3). The figure in
parentheses indicates the rate of change of geometric para-
meters upon one electron excitation. Large structural change
does not occur upon excitation. In contrast, the distances of
C6—010 (1.289 A) and O11—H12 (0.997 A) of the keto—cis
tautomer in the S, state are significantly shorter than those of
the enol—cis isomer in the S; state (1.352 A and 2.176 A,
respectively). In addition, the distances of O10—H12 (1.836 A)
and C8—011 (1.317 A) of the keto—cis tautomer are signifi-
cantly longer than those of the enol—cis isomer (0.977 A and
1.237 A, respectively). However, the dihedral angles of
C6—C5—C8-O11 and O10—HI12—H11-011 of both the enol—
cis isomer and the keto—cis tautomer are equal to 0.0°.
These results indicate that the H12 proton is transferred
from O10 to O11 while maintaining a planar six-membered
structure with intra-HB during the ESIPT process. It should
be emphasized that, to the best of our knowledge, this is the
first report on an aromatic imide compound which exhibits
strong fluorescent emission via the ESIPT reaction.

3.2. Highly Fluorescent End-Capped Pls. Characteriza-
tion. The ATR FT-IR spectra of the PI films are shown in
Figure S4 in Supporting Information, and the completion of
thermal imidization was confirmed by the C=O0 stretching and

Table 4. 5 wt % Decomposition Temperatures (7,°) and Film

Thicknesses of PI Films
polyimide ! T.°C thickness/um
PI-PA 1.98 395 11.9
3.92 389 9.7
7.69 402 6.7
PI-4HPA 1.98 407 11.3
3.92 400 7.3
7.69 356 9.4
PI-3HPA 1.98 452 2.1
3.92 441 15.1
7.69 424 12.3
12.5 372 3.0
PI-ne — 414 4.4

“The r value represents the molar ratio of end group (see text).

C—N stretching bands of the imide rings at 1780 and 1360
cm™ !, respectively. The film thicknesses and decomposition
temperatures with 5% weight loss (7;;°) are listed in Table 4.
The TGA curves are shown in Figure S5 in Supporting
Information. All PIs demonstrated good thermal stability
without significant weight losses below 350 °C, which is due
to the rigid molecular structure of the PIs. The relatively low
T,s observed for PI-4HPA (r = 7.69) and PI-3HPA (r = 12.5)
could be due to the lower degree of polymerization.

UV/Vis and Fluorescence Spectra. The UV/vis spectra of
the PI films are shown in Figure 9 ((a) PI-ne and PI-PA,
(b) PI-4HPA, (c) PI-3HPA). The end-capped PIs exhibited
absorption bands only in the UV region (<400 nm), which is
same as the spectrum of PI-ne. Note that, according to the
DFT calculation, the keto—cis tautomer of 3HNHPI shows
electronic transition at around 450 nm, as shown in section
3.1 (see Table 2). The absence of absorption bands in the
visible region (>400 nm) of PI-3HPA films indicates that
3HPA termini with enol structures should be dominant in the
ground state. Figure 10 illustrates a photo image of PI-3HPA
(r = 7.69) film under white light exposure (left-hand side).
This film is highly transparent and completely colorless.
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Figure 9. Optical absorption spectra of PI films, (a) PI-ne and PI-PA,
(b) PI-4HPA, and (c) PI-3HPA.

Table 5 summarizes the excitation and emission wave-
lengths (Aex, Aem), and PLQE (@) values observed for the PI
films. Figure 11 demonstrates the normalized excitation
(a) and emission (b) spectra of Pl-ne, PI-PA, PI-4HPA,
and PI-3HPA films (» = 7.69). The fluorescence intensities
were normalized at 4., (around 340 nm) and A, (around
400 nm). In the case of PI-3HPA, the excitation spectrum
monitored at 402 nm is normalized by the intensity at
320 nm. PI-ne, PI-PA, and PI-4HPA exhibited fluorescence
excitation/emission peaks at (340 nm/400 nm), (344 nm/
401 nm) and (345 nm/406 nm), respectively. These fluor-
escences are assignable to LE fluorescences emitted from
imide rings in the main chain and/or end groups.' In the case
of PI-3HPA, two fluorescence peaks were observed at (320
nm/402 nm) and (350 nm/535 nm). The former peak is
assignable to an LE fluorescence of the main chain, similar
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Figure 10. Photoimages ofa PI-3HPA (r = 7.69) film under white light
(left) and UV (4 = 365 nm) irradiation (right).

Table 5. Excitation and Emission Wavelengths (A¢x, 4em), and
Photoluminescence Quantum Efficiencies (@) of PI Films

polyimide r Aex/NM Aem/nM [}
PI-PA 1.98 348 402 0.076
3.92 348 400 0.097
7.69 344 401 0.113
PI-4HPA 1.98 350 402 0.070
3.92 343 405 0.097
7.69 345 406 0.058
PI-3HPA 1.98 339 400, 534 0.089
3.92 352 402, 535 0.109
7.69 350 402, 535 0.128
12.5 341 401, 536 0.141
Pl-ne - 340 400 0.114
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Figure 11. Fluorescence spectra of Pl-ne, PI-PA, PI-4HPA, and
PI-3HPA (r = 7.69) films: (a) excitation spectra monitored at Aey;
(b) emission spectra excited at A.,. The spectra have been normalized.

to PI-ne, PI-PA, and PI-4HPA. In contrast, the values of A
and A, of the latter peak agree well with those of the ESIPT
fluorescence observed for 3SHNHPI in the CHCl; solution
(see Figure 5 and Table 1), and hence the latter peak is
attributable to the ESIPT fluorescence from 3HPA at the
chain termini. As shown in Figure 10 (right), the colorless
PI-3HPA film exhibits strong green-color fluorescent emis-
sion under UV light (365 nm) irradiation.
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Figure 12 shows the emission spectra of PI-ne and PI-
3HPA (r = 1.98—12.5). The intensities are normalized at
around 400 nm. The relative intensity at 530 nm was
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Figure 12. Influence of increasing amount of 3HPA termini on the
emission spectra of PI-3HPA films excited at A.. The spectra have been
normalized.

Table 6. Fluorescence Lifetimes (7) of the Emission Peaks Measured
for PI-3HPA Films in the Shorter and Longer Wavelength Regions

r T g/ns” at 370—420 nm Tesipr/ns’ at 570—620 nm
1.98 2.59 1.23
3.92 2.39 1.24
7.69 2.11 1.25
12.5 2.00 1.24

7 for the LE emission of main chain. ? 7 for the ESIPT emission of
end groups.

Table 7. Fluorescence lifetimes of PI-PA and 4HPA films

TLg/NS
r PA 4HPA
1.98 2.73 2.69
3.92 2.74 2.68
7.69 2.71 2.62

(1) LE emission of main chain

Aex = 340 nm
&0 W@D

7\.em 400 nm

SO o@n@**@tgﬂ o»g:@
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significantly enhanced with an increase in r. To clarify the
photophysical process of PI-3HPA, the fluorescence life-
times (7) were measured. Table 6 lists the 7 values for the
ESIPT emission (abbreviated as tgsrpr) and those of the LE
emission (abbreviated as 7y g) of PI-3HPA. Table 7 lists the
71g values of PI-PA and PI-4HPA as references. The values
of 71 g and tgspT Were obtained from the fluorescence decay
curves integrated in the wavelength range of 370—420 nm
and 570—620 nm, respectively. The small dependence of 71 ¢
on r observed for PI-PA and PI-4HPA indicates that 7 g is
not influenced by the degree of polymerization. In contrast,
the 7 g value of PI-3HPA gradually decreased with an
increase in r. This is a typical phenomenon for fluorescence
via excited-state energy transfer, in which the fluorescence
lifetime of the donor moiety decreases by increasing the
acceptor moiety.®* Hence, one can conclude that the intra-
and/or interchain energy transfer from the imide ring in the
main chain (donor) to the 3HPA (acceptor) moiety at the
terminus occurs in the excited state. This significantly en-
hances the relative fluorescence intensity at 530 nm
(Figure 12).

All the photophysical processes of PI-3HPA are schema-
tically illustrated in Figure 13. The first process is the
conventional LE fluorescence consisting of the excitation
(340 nm) and the subsequent LE emission (400 nm) at the
imide moieties in the main chain. The second process
is another LE fluorescence consisting of the excitation
(340 nm) at the terminal 3HPA moieties followed by the
excited-state proton transfer and the subsequent ESIPT
emission (530 nm). The third process is a combination of
energy transfer and ESIPT processes consisting of the fol-
lowing phenomena: (1) excitation at the imide moieties in the
main chain of the PI (340 nm), (2) intra- and/or interchain
energy transfer from the imide rings to the 3HPA termini,
(3) ESIPT at the 3HPA termini, and (4) ESIPT emission
(530 nm). The second and third processes demonstrated a
large Stokes’ shift (approximately 10000 cm ") due to the
ESIPT occurring at 3HPA.

A Commission Internationale de I’Eclairage (CIE)_1931
chromaticity diagram of the PI-3HPA films with various
r values is shown in Figure 14 with their photo images
under UV light (365 nm) irradiation. The CIE chromaticity

(2) Direct excitation of end group followed by ESIPT emission

Aex =340 nm

Proton

v Transfer

&owodored oo

2em =530 nm

(3) ESIPT emission via energy transfer

(a) Intrachain Energy Transfer

Energy Transfer

hex = 340 N \ T
OH ~o
O ORTRCOR0

o o
Proton
Transfer

-0 Oeb‘\@iﬁ@@s%ﬁ

Aem =530 nm

(b) Interchain Energy Transfer

Aex = 340 nm

&30 O«W&Gm

Energy \

Transfer ¥4

&owodored oo

a w
1 Proton

Aem =530 nm

Figure 13. Schematic representation of the excitation and emission mechanism with energy transfer from the imide ring in the main chain (donor) to the
3HPA (acceptor) moiety and ESIPT reaction at the terminus in PI-3HPA films.
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Figure 14. Photo images under UV light (1 = 365 nm) irradiation and
emission colors in a CIE chromaticity diagram of PI-ne and PI-3HPA
films prepared at various r values: r = 0.00 (0.164, 0.098), r = 1.98
(0.234, 0.233), r = 3.92 (0.292, 0.340), r = 7.69 (0.336, 0.422), and
r=12.5(0.367, 0.481).

coordinates (x, y) i.e. colors of fluorescence, calculated from
the emission spectra excited at 365 nm exhibit significant
dependence on the ratio of the 3HPA terminus: (x, y) =
(0.164, 0.098) for r = 0.00 (blue emission), (0.234, 0.233) for
r = 1.98 (light-blue), (0.292, 0.340) for r = 3.92 (white),
(0.336, 0.422) for r = 7.69 (light-green), and (0.367, 0.481)
for r = 12.5 (light-green). Further, they exhibited signifi-
cantly high ® values (9—14%) as solid polymer films with
thicknesses of 3.0—15.1 um (see Tables 4 and 5). As a
consequence, the emission color of highly fluorescent PIs
can be precisely controlled by varying the molar ratio of
the terminus groups which undergo the ESIPT process. In
addition, their inherent colorlessness, high optical trans-
parency, and high thermal stability (7, > 370 °C) are main-
tained. The molecular design concept for this new type of
highly fluorescent PI is beneficial for developing a new class
of super engineering plastics for advanced optical and elec-
tronic applications.

4. Conclusion

The UV/vis optical absorption and fluorescent properties of
imide compounds and PIs having a hydroxy group at the terminal
anhydride moiety were extensively examined, and a new mole-
cular design concept for controlling the emission colors of highly
fluorescent PIs was established. A weak LE(n—x*) emission at
411 nm (® = 0.007) and a strong LE(r—s*) emission at 412 nm
(® = 0.255) were respectively observed for NHPI and 4HNHPI
dissolved in CHCl;. This indicates that the introduction of a
hydroxy group into the anhydride moiety of imide compounds
significantly lowers the (w—m*) energy level and accordingly
enhances the ® value of LE emission. In addition, 3HNHPI,
which can form intra-HB, exhibited a strong ESIPT emission at
534 nm with excitation at 332 nm (® = 0.352). To the best of our
knowledge, this is the first report on an aromatic imide com-
pound exhibiting ESIPT emission with a large Stokes’ shift
(11394 cm™"). This assignment was verified by the facts that
the calculated emission wavelength of the keto—cis tautomer
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(540 nm) coincides with the observed emission wavelength, and
that the LE emission of the enol—cis isomer was observed at
438 nm in a trifluoroacetic acid solution, in which intra-HB is
disturbed and inter-HB is formed with the solvent molecules.

The synthesized PIs, PI-ne, PI-PA, PI-4HPA, and PI-3HPA,
showed high transparency in the visible region. Although Pl-ne,
PI-PA, and PI-4HPA exhibited only LE emission originating
from the main chain and/or end groups at around 400 nm,
PI-3HPA exhibited two emission peaks at 400 and 530 nm with
excitation by UV light. The former and the latter were assignable
to LE emission from the main chain and ESIPT emission from
the 3HPA termini, respectively. Moreover, the emission intensity
at 530 nm relative to that at 400 nm was significantly enhanced by
increasing the proportion of fluorescent termini. The fact that the
fluorescence lifetime of the LE emission in the imide moieties in
the main chain was decreased by increasing the 3HPA termini
indicates that the intra- and/or interchain energy transfer should
occur from the PI main chain to the termini. As a result, the
emission color of PI-3HPA was successfully controlled from blue
to light-green through white by varying the amount of terminus
groups while maintaining the inherent colorlessness and high
transparency. The molecular design concept established in
this study should be beneficial for developing a new class of
super engineering plastics for advanced optical and electronic
applications.
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