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ABSTRACT: Alternating carbazole-quinoline and phenothiazine-quinoline donor-acceptor conjugated
copolymers and a corresponding oligomer were synthesized, and their solution and solid-state photophysics
were investigated. The new copolymers, poly(2,2′-9-methyl-3,6-carbazolylene-6,6′-bis(4-phenylquinoline))
and poly(2,2′-10-methyl-3,7-phenothiazylene-6,6′-bis(4-phenylquinoline)), had intrinsic viscosities of 11.2-
22.0 dL/g, indicating very high molecular weights. The optical band gaps of the new copolymers were
2.35-2.64 eV, which are significantly smaller than the corresponding homopolymers. The absorption
and emission spectra of the related donor-acceptor oligomers, 3,6-[bis(4-phenyl-2-quinolyl)]-9-methyl-
carbazole and 3,7-[bis(4-phenyl-2-quinolyl)]-10-methylphenothiazine, in solvents of varying polarity showed
positive solvatochromism. An unusual dual fluorescence, with a blue emission band at 454 nm and an
orange emission band at 584 nm, was observed in solid films of the carbazole-linked oligomer and related
to intramolecular excitons and intermolecular excimers. Solid-state emission from the phenothiazine
oligomer and copolymer was from intramolecular excitons with strong charge-transfer character. The
red solid-state emission from the carbazole copolymer originated from intermolecular excimers with
dominant fluorescence lifetimes of 2-10 ns. The observed intramolecular charge-transfer effects on
photophysics and properties were larger in the phenothiazine-containing oligomer and copolymer than
the corresponding carbazole-containing materials, reflecting the fact that phenothiazine is a stronger
electron-donating unit. Preliminary results suggest that the oligomers and copolymers are useful for
light-emitting and photovoltaic devices.

Introduction

π-Conjugated polymers with donor-acceptor archi-
tectures are currently of interest because the built-in
intramolecular charge transfer can facilitate ready
manipulation of the electronic structure (HOMO/LUMO
levels), leading to small band gap semiconducting
polymers1-5 or materials with enhanced third-order
nonlinear optical properties.3b,6 Through design and
synthesis of new architectures, donor-acceptor conju-
gated polymers can extend to systems with efficient
photoinduced charge transfer and separation for pho-
tovoltaic devices7 and to bipolar charge transport ma-
terials for light-emitting diodes,8,9 lasers,10 and other
applications.11 Whereas several electron-accepting moi-
eties have been explored, thiophene, oligothiophenes,
and derivatives have mostly been the electron-donating
moieties used in constructing donor-acceptor conju-
gated copolymers.1-4 We have previously synthesized
and investigated many thiophene-quinoline, bithio-
phene-quinoline, thiophene-anthrazoline, bithiophene-
anthrazoline, thiophene-quinoxaline, and related donor-
acceptor conjugated polymers (Chart 1).1 Such alternating
donor-acceptor chain structures have allowed the opti-
cal,1,12 nonlinear optical,6 redox,1e and electrolumines-
cent9 properties to be tuned over a wide range; for
example, light-emitting devices with colors spanning the

visible were obtained.9 However, those series of conju-
gated polyquinolines were shown to be excellent electron
acceptors and electron-transport materials, but they had
poor hole injection and transport (electron-donating)
properties.9 Herein we explore new donor-acceptor
conjugated copolymers based on N-alkylcarbazole and
N-alkylphenothiazine as the electron-donating moieties.

Poly(N-vinylcarbazole) (PVK) is a well-known electron
donor and hole transport material which has been used
in photocopiers13a and more recently in light-emitting
diodes.13b,c Since PVK is not a conjugated polymer,
charge transport is via radical cation hopping among
the discrete carbazole units.13a π-Conjugated polycar-
bazoles and polyphenothiazines (Chart 1) were first
investigated many years ago by one of us.14 They were
shown to be p-type (hole transport) conducting polymers
with dc conductivities as high as the 10-50 S/cm range
when doped with iodine; hence, they can be expected to
have significantly improved hole mobilities compared
to that of PVK. The polyquinolines, exemplified by those
shown in Chart 1, have excellent electron-accepting and
transport properties.9,15 Recent studies of single crystals
of many phenylquinoline-aromatic ring-phenylquino-
line oligomers in our group have shown that small
aromatic ring donors such as thiophene and bithiophene
formed relatively coplanar π-electron delocalized sys-
tems with adjacent quinoline rings.16 Although this
feature maximized intramolecular charge transfer (ICT)
and produced the smallest HOMO-LUMO gaps, it
enhanced electron-accepting properties much more than
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electron-donating ones.1e,9 Here, we propose to incorpo-
rate carbazole4,14 and phenothiazine14 rings into donor-
acceptor π-conjugated polymers with the goal of influ-
encing the molecular packing, photophysics, and charge
transport properties. The specific new conjugated poly-
mers we have synthesized and investigated are shown
in Chart 2: poly(2,2′-(9-methylcarbazole-3,6-diyl-6,6′-

bis(4-phenylquinoline)) (PCZPQ) and poly(2,2′-(10-
methylphenothiazine-3,7-diyl-6,6′-bis(4-phenylquino-
line)) (PPTZPQ). Two related donor-acceptor oligomer
model compounds were also investigated (Chart 2): 3,6-
[bis(4-phenyl-2-quinolyl)]-9-methylcarbazole (BPQ-MCZ)
and 3,7-[bis(4-phenyl-2-quinolyl)]-10-methylphenothi-
azine (BPQ-PTZ).

Chart 1

Chart 2
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Experimental Section
Materials. 9-Methylcarbazole, 10-methylphenothiazine,

2-aminobenzophenone, diphenyl phosphate, aluminum chlo-
ride, acetyl chloride, carbon disulfide, m-cresol, chloroform, and
formic acid were reagent grade or better and were used as
received. 3,3′-Dibenzoylbenzidene was prepared according to
the methods described in the literature.1,16,17

3,6-Diacetyl-9-methylcarbazole. 9-Methylcarbazole (2.0
g, 11 mmol), 25 mL of CH2Cl2 (freshly distilled over calcium
hydride), and AlCl3 (4.5 g, 33.8 mmol) were added to a three-
neck flask under nitrogen atmosphere. Acetyl chloride (2.5 mL,
35.4 mmol) was added dropwise to make the reaction mixture
reflux gently. Thereafter, it was stirred at room temperature
for another 5 h. The reaction mixture was taken up with 200
mL of CH2Cl2 and 100 mL of water. The organic layer was
washed with H2O (2 × 300 mL), dried with MgSO4, and
evaporated under vacuum to yield 4.5 g of off-white solid. The
crude product was decolorized with carbon black with Celite
545. Mp: 198-201 °C. 1H NMR (400 MHz/CDCl3): δ 8.79 (s,
2H), 8.19(d, J ) 10.8 Hz, 2H), 7.46 (d, J ) 10.8 Hz, 2H), 3.94
(s, 3H), 2.76 (s, 6H).

2,7-Diacetyl-10-methylphenothiazine. The Friedel-
Crafts reaction of 10-methylphenothiazine with acetyl chloride
was reported by Gipstein et al.18 The procedure was followed
starting with 10-methylphenothiazine (12 g, 56.1 mmol), 100
mL of anhydrous CS2, and AlCl3 (20 g, 0.15 mmol) with
addition of acetyl chloride (2.5 mL, 35.4 mmol). 5 g of greenish
crude solid product was obtained. 2.5 g of greenish powder was
obtained after recrystallizing the crude product in 120 mL of
1:1 ethanol/acetic acid three times. Mp: 206-208 °C (lit.18 mp
205-206 °C). 1H NMR (400 MHz/CDCl3): δ 7.820 (d, J ) 10.6
Hz, 2H), 7.72 (s, 2H), 6.85 (d, J ) 10.6 Hz, 2H), 3.48 (s, 3H),
2.56 (s, 6H).

Oligomer Synthesis: BPQ-MCZ. 2-Aminobenzophenone
(2.0 g, 10.1 mmol) and 3,6-diacetyl-9-methylcarbazole (0.83 g,
3.13 mmol) were added along with 16 g of diphenyl phosphate
(DPP) and 6 g of m-cresol in a glass reactor fitted with
mechanical stirrer, two glass inlets, and a sidearm. The
reaction mixture was purged with argon for 20 min, and then
the temperature was gradually raised to 90 °C under argon
atmosphere for 1 h and then to 140 °C for 6 h. After cooling,
the product was precipitated in a solution of 150 mL of ethanol/
15 mL of triethylamine (TEA). The oligomer was purified by
continuously extracting it with 10% TEA/methanol solution
for 2 days and was dried in a vacuum at 40 °C. Mp: 312-314
°C. UV/vis, λmax (nm) (CHCl3): 359 (log ε ) 4.49), 373 (4.47).
1H NMR (400 MHz, CDCl3): δ 9.09 (s, 2H), 8.49 (d, J ) 10.71
Hz, 2H), 7.94 (d, J ) 5.79 Hz, 2H), 7.77 (s, 2H), 7.66 (d, J )
9.74 Hz, 2 H), 7.49 (m, 16H), 4.00 (s, 3H). FT-IR (KBr pellet,
cm-1): 3061, 2932, 1594, 1552, 1490, 1376, 1127, 816, 775. MS
(FAB): m/e 588.2 (M+ + 1). Anal. Calcd for C43H29N3: C, 87.88;
H, 4.97; N, 7.15. Found: C, 86.13; H, 4.83; N, 6.75.

BPQ-PTZ Oligomer. The synthesis and electrochemilu-
minescence (ECL) of the phenothiazine-phenylquinoline oli-
gomer was recently described elsewhere.19

Copolymer Synthesis. The two new copolymers, PCZPQ
and PPTZPQ, were synthesized according to the general
literature procedures for the polyquinolines.1,17

PCZPQ. Equimolar amounts of 3,3′-dibenzoylbenzidine
(1.500 g, 3.82 mmol) and 3,6-diacetyl-N-methylcarbazole (1.014
g, 3.82 mmol) were added along with 10 g of diphenyl
phosphate (DPP) and 5 g of m-cresol in a glass reactor fitted
with mechanical stirrer, two glass inlets, and a sidearm. The
reaction mixture was purged with argon for 20 min, and then
the temperature was raised to 90 °C under positive pressure
of argon for 2.5 h and then to 140 °C for 48 h, during which
time 5 mL of m-cresol was added twice to facilitate efficient
stirring of the reaction mixture whenever it became highly
viscous. After cooling, the semisolid polymerization mixture
was taken out into a solution of 300 mL of ethanol/30 mL of
triethylamine (TEA). The polymer was then chopped in a
blender and collected by suction filtration. The polymer was
purified by continuously extracting it with 20% TEA/ethanol
solution for 6 days and was dried in a vacuum at 40 °C. [η] )

22.0 dL/g (30 °C, formic acid). 1H NMR (400 MHz, CD3NO2/
GaCl3):20 δ 9.29 (s, 2H), 8.71 (s, 2H), 8.69 (d, J ) 8.7 Hz, 2H),
8.65 (s, 2H), 8.56 (d, J ) 9.2 Hz, 2H), 8.52 (d, J ) 8.9 Hz, 2H),
8.08 (d, J ) 8.8 Hz, 2H), 7.79 (m, 10H), 4.28 (s, 3H). FT-IR
(free-standing film, cm-1): 3061, 2932, 1594, 1547, 1490, 1376
1289 1252, 1132, 883, 826. Anal. Calcd for C43H27N3: C, 88.21;
H, 4.61; N, 7.18. Found: C, 85.44; H, 4.78; N, 7.18.

PPTZPQ. Equimolar amounts of 3,3′-dibenzoylbenzidine
(0.9870 g, 2.52 mmol) and 2,7-diacetyl-N-methylphenothiazine
(0.7479 g, 2.52 mmol) were added along with 15 g of diphenyl
phosphate (DPP) and 10 g of m-cresol in a glass reactor fitted
with mechanical stirrer, two glass inlets, and a sidearm. The
reaction mixture was purged with argon for 20 min, and then
the temperature was raised to 90 °C under argon atmosphere
for 2.5 h and then to 140 °C for 24 h. After cooling, the
semisolid polymerization mixture was taken out into a solution
of 10% triethylamine/ethanol (300 mL). The polymer was then
chopped in a blender and collected by suction filtration. The
polymer was purified by continuously extracting it with 20%
TEA/ethanol solution for 5 days and was dried in a vacuum
at 40 °C. [η] ) 11.2 dL/g (30 °C, formic acid). FT-IR (free-
standing film, cm-1): 3067, 2932, 1593, 1546, 1481, 1450. 1345,
1162, 1132, 885, 837. Anal. Calcd for C43H27N3S: C, 83.63; H,
4.38; N, 6.81; S, 5.18. Found: C, 81.51; H, 4.66; N, 6.99; S,
4.61.

Characterizations. Optical absorption spectra were ob-
tained on a Perkin-Elmer Lamda 900 spectrophotometer.
Steady-state photoluminescence studies were done by using
a Spex Fluorolog-2 spectrofluorometer with a Spex DM3000f
spectroscopy computer. Thin films on silica substrates were
positioned such that the emission was detected at 22.5° from
the incident radiation beam. Fluorescence quantum yields of
the solutions were determined by comparison with a standard
quinine sulfate (10-6 M in 1 N H2SO4)(Φf ) 0.55).21 Fluores-
cence quantum yields of the thin films were determined by
comparison with a thin film of ∼10-3 M 9,10-diphenylan-
thracene in poly(methyl methacrylate) (Φf ) 0.83).9d,21

Time-correlated single photon counting experiments for the
measurement of fluorescence lifetimes were carried out on an
instrument consisting of mode-locked Nd:YLF laser (Quant-
ronix) operating at 76 MHz as the primary laser source.21b The
second harmonic (KTP crystal) of the Nd:YLF laser was used
to synchronously pump a dye laser (Coherent 700). The pulse
width of the dye laser was typically 8 ps and was cavity-
dumped at a rate of 1.9 MHz. The dye laser was tuned to the
desired excitation wavelength. Measurements were made on
air-saturated samples at room temperature.

The intrinsic viscosity [η] of the copolymers was measured
by using dilute formic acid solutions in the range 0.05-0.10
g/dL at 30 °C on a Cannon Ubbelohde capillary viscometer.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) and melting points were done by using a
TA instruments model 3000 thermal analyst based on IBM
PS/253 model 60 computer and equipped with a model 2050
TGA unit and a model 2920 DSC unit. The TGA data and DSC
thermograms were obtained in flowing nitrogen at a heating
rate of 10 °C/min. The FT-IR spectra were taken on thin films
of the polymers on NaCl substrate or free-standing films and
KBr pellet of the oligomers using a Nicolet model 20SWC
Fourier transform infrared spectrometer under nitrogen. 1H
NMR spectra were taken at 400 MHz on a Bruker Avance-
400 instrument.

Results and Discussion

Synthesis and Characterization. Scheme 1 de-
scribes the synthesis of the 9-methylcarbazole-phen-
ylquinoline donor-acceptor oligomer BPQ-MCZ and
the corresponding alternating copolymer PCZPQ. The
synthesis of the 10-methylphenothiazine-phenylquino-
line copolymer PPTZPQ followed a similar scheme.

The very high intrinsic viscosities of the new copoly-
mers, 22.0 dL/g for PCZPQ and 11.2 dL/g for PPTZPQ,
shows that they are very high molecular weight materi-
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als and that the starting monomers were very pure.1,15,17

For comparison purposes, we note that prior studies of
the absolute molecular weight of the related polyquino-
line PBPQ (Chart 1) with an intrinsic viscosity of 20
dL/g gave a weight-average molecular weight (Mw) of
370 000 by a light scattering measurement.17 These new
copolymers were only slightly soluble in common organic
solvents such as chloroform and tetrahydrofuran. How-
ever, they were very soluble in formic acid and ni-
tromethane/GaCl3.20 Polymer solutions in the latter
solvent system were used to characterize the polymers
by 1H NMR spectroscopy in addition to the 1H NMR
spectra of the oligomers in common organic solvents.
Formic acid solutions of the copolymers were used to
prepare thin films for all spectroscopic studies in the
solid state and for devices.

Molecular structures of the new copolymers and
oligomer (BPQ-MCZ) were confirmed by FT-IR, 1H
NMR, elemental analysis, and comparisons with previ-
ously reported related materials.1,16,19 The strong peak
due to the carbonyl group of the monomers was com-
pletely absent in the FT-IR spectra (not shown) of
PCZPQ, PPTZPQ, and the oligomers. Instead, new
strong bands between 1600 and 1400 cm-1 due to the
imine (CdN) group and characteristic of the quinoline
ring1,16 were observed. This is usually an excellent
confirmation of the completion of cyclization reaction

forming quinoline rings.1a-c The 1H NMR spectra of
oligomer BPQ-MCZ in CDCl3 and PCZPQ in GaCl3/
nitromethane-d3, which are summarized in the Experi-
mental Section, confirmed their molecular structures.
For better comparison with the polymer, the 1H NMR
spectrum of oligomer BPQ-MCZ was also taken in
GaCl3/nitromethane-d3. The structure of the oligomer
BPQ-PTZ was previously established using its 1H NMR
and 13C NMR spectra and other characterization re-
sults.19 In GaCl3/nitromethane-d3 (0.5-1.0 wt %) both
BPQ-PTZ and PPTZPQ gave similar, relatively broad,
1H NMR spectra with merged peaks that were not
distinct enough to be assigned. This appears to be due
to long relaxation time caused by strong intermolecular
interactions in the complexes.20

The elemental analysis data, which were included in
the Experimental Section, were in good agreement with
the proposed structures. The UV-vis and photolumi-
nescence spectra of the two copolymers and both oligo-
mers, to be presented and discussed later, also provided
additional evidence confirming their molecular struc-
tures. The thermal behavior of PCZPQ and PPTZPQ
was measured by TGA and DSC. The initial decomposi-
tion temperature of PCZPQ and PPTZPQ under nitro-
gen was about 600 and 400 °C, respectively, where over
95% of their mass was retained. No clear phase transi-
tion was observed in DSC scans up to 350 °C, suggesting

Scheme 1
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that the glass transition temperatures of the copolymers
are very high.

Photophysics of Donor-Acceptor Oligomers. a.
Solutions. A unique feature of these oligomer model
compounds is that they are identical to the repeating
units of the corresponding alternating donor-acceptor
conjugated copolymers. Therefore, the essential π-elec-
tronic structure in the ground and excited states and
ICT effects expected in the copolymers due to the
donor-acceptor architecture should be captured in the
oligomers. The photophysics of the donor-acceptor
oligomers in solution is expected to depend on the
polarity of the solvent. We have thus examined the
absorption and emission properties of both BPQ-MCZ
and BPQ-PTZ in different solvents.

The UV-vis absorption spectra of BPQ-MCZ and
BPQ-PTZ in different solvents are shown in Figures 1
and 2, respectively. The absorption maxima, which are
collected in Table 1, are correlated well with an empiri-
cal solvent polarity measures such as the Kamlet-Taft
π* parameter.22 As the solvent polarity increases from
nonpolar triethylamine, to moderately polar chloroform,
and to very polar and protic formic acid, the lowest

energy absorption maxima of both oligomers undergo a
significant red shift accompanied by spectral shape
changes. Positive solvatochromism, i.e., a bathochromic
shift of the absorption band with increasing solvent
polarity, was observed in both oligomers, indicating the
charge-transfer nature of the absorption band and that
the excited state of each oligomer is more stabilized than
the ground state.22c

The absorption spectra of each oligomer in the dif-
ferent solvents are characterized by two bands, one near
290-300 nm and the other at around 360-400 nm. The
former band can be assigned to π-π* transition whereas
the lowest-energy band, which is less intense, is largely
of charge transfer character. It is this lowest-energy
absorption band that is most sensitive to the solvent
polarity and to the donor moiety (phenothiazine vs
carbazole). In all the solvents, the lowest-energy absorp-
tion maximum of BPQ-PTZ is consistently red-shifted
from that of BPQ-MCZ; this red shift of the phenothi-
azine oligomer ranges from 25 nm in toluene or THF
and 39 nm in triethylamine to 57 nm in formic acid.
This confirms the fact that the phenothiazine ring which
contains an extra sulfur heteroatom is a much stronger
electron-donating moiety than carbazole. Consequently,
ICT effects in the phenothiazine-containing oligomer are
expected to be much stronger than in the one containing
carbazole. The experimental observations from all the
absorption spectra (Figures 1 and 2, Table 1) are in
accord with this expectation.

The absorption spectra of both oligomers in formic
acid (Figures 1 and 2) are dramatically different in line
shape and absorption maxima compared to the spectra
in aprotic organic solvents. For example, the absorption
maxima of BPQ-MCZ and BPQ-PTZ in this solvent
are 439 and 496 nm, respectively. Here, protonation of
the quinoline moieties in the oligomers results in a
much stronger electron-accepting group, thereby en-
hancing charge separation of π-electrons in the conju-
gated donor-acceptor structure.1 The net effect of the
protonation is thus an enhanced ICT in formic acid
compared to the aprotic organic solvents such as chlo-
roform and toluene.

Another evidence of the ICT effects in these new
donor-acceptor oligomers comes from a direct compari-
son of the absorption spectra of BPQ-MCZ and BPQ-
PTZ with the previously reported results for the related
oligomer: 2,2′-bis(4-phenylquinoline)-4,4′-biphenylene
(BPQ-BP).16 The lowest-energy absorption maximum
of BPQ-BP in chloroform was only 348 nm compared
to 360 nm for BPQ-MCZ and 398 nm for BPQ-PTZ in
the same solvent even though the number of π-electrons
is the same in the biphenylene, carbazole, and phe-
nothiazine linkages. The greater extent of π-electron
delocalization in the phenothiazine- and carbazole-
containing oligomers clearly comes from the greater
charge separation and ICT character of their electronic
ground states.

The emission spectra of both oligomers in different
solvents also exhibited positive solvatochromism as
shown in the photoluminescence (PL) spectra of BPQ-
MCZ and BPQ-PTZ in Figures 3 and 4, respectively.
The emission maxima increased dramatically as the
medium undergo change from apolar to very polar. The
solvatochromic shifts of the emission spectra are much
larger than those of absorption spectra, implying that
the excited-state energy levels are influenced more than
those in the electronic ground state.22 This confirms the

Figure 1. UV-vis absorption spectra of BPQ-MCZ oligomer
in solvents of varying polarity.

Figure 2. UV-vis absorption spectra of BPQ-PTZ oligomer
in solvents of varying polarity.
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earlier finding in connection with the absorption results
that both BPQ-MCZ and BPQ-PTZ are more charge-
separated in the excited state than in the ground state.

The progressive red shift of the PL spectra of BPQ-
MCZ with increasing solvent polarity are accompanied
by significant broadening of the emission band, particu-

larly in methanol and formic acid (Figure 3). The full
width at half-maximum (fwhm) of the emission spec-
trum of BPQ-MCZ increases from 45 nm in triethyl-
amine to 86 nm in methanol to 88 nm in formic acid. In
the case of BPQ-PTZ, fwhm increases from 54 nm in
triethylamine to 107 nm in methanol. The emission
maximum increased from 401 nm in triethylamine to
469 nm in methanol and 546 nm in formic acid. The
large emission maximum in methanol can be understood
from its protic nature.23 Protons from methanol mol-
ecules can form hydrogen bonding to the nitrogen
heteroatoms of quinoline rings, and such hydrogen
bonding usually enhances charge separation. As a
result, intramolecular charge-transfer interaction be-
comes important even in the moderate polar solvent
methanol.23 In the extreme case of formic acid, proto-
nation of the quinoline rings is more complete, resulting
in a red-shifted emission band due to dominant in-
tramolecular charge transfer. Similar emission spectra
results were obtained for BPQ-PTZ except that fluo-
rescence was completely quenched in formic acid (Figure
4). Another important difference with the BPQ-MCZ
is that the emission maxima of the phenothiazine-
containing oligomer are even larger, varying from 506
nm in triethylamine to 562 nm in methanol.

The Stokes shift of oligomer emission in solution was
found to increase with the polarity of solvent and to be
unusually large. In the case of BPQ-MCZ, the Stokes
shift increased from 2400 cm-1 (0.3 eV) in toluene to
5705 cm-1 (0.71 eV) in methanol. The Stokes shift in
BPQ-PTZ was even larger, varying from 5553 cm-1

(0.69 eV) in triethylamine to 7395 cm-1 (0.92 eV) in
methanol (Table 1). These huge Stokes shifts further
support the view that intramolecular charge-transfer
interactions in these donor-acceptor oligomers are
large. The exceptionally large case is again in methanol
where hydrogen-bonding interaction between methanol
and the oligomers enhances the charge separation. As
a result, there is a big change in geometry of BPQ-
MCZ or BPQ-PTZ in methanol from the ground state
to the excited state.23b Each oligomer in methanol shows
the largest Stokes shift among all solvents tested.

The fluorescence quantum yield (Φ) of both oligomers
was measured in chloroform and found to be 0.29 for
BPQ-MCZ and 0.37 for BPQ-PTZ. These values are
less than the 54% fluorescence efficiency (Φ ) 0.54)
found for BPQ-BP, the biphenylene-linked oligomer.16

The fairly high (37%) fluorescence quantum efficiency
of BPQ-PTZ in aprotic solvents is consistent with the
recent observation of efficient electrochemiluminescence
(ECL) in it by Bard and co-workers.19 Although the

Table 1. Absorption and Emission Properties of Oligomers and Copolymers in Solvents of Varying Polarity

material solvent λmax
UV , nm log ε λmax

PL , nm Stokes shift, cm-1 (eV)

BPQ-MCZ triethylamine 290, 356 5.15, 4.92 401 3153 (0.39)
toluene 299, 376 4.59, 4.44 414 2441 (0.30)
THF 289, 375 4.99, 4.80 429 3356 (0.42)
CHCl3 293, 360 4.89, 4.66 430 4522 (0.56)
MeOH 293, 370 4.92, 4.67 469 5705 (0.71)
formic acid 286, 439 4.94, 4.94 546 4464 (0.55)

BPQ-PTZ triethylamine 289, 395 5.07, 4.52 506 5553 (0.69)
toluene 299, 401 4.57, 4.24 524 5854 (0.73)
THF 290, 400 4.91, 4.42 531 6168 (0.76)
CHCl3 290, 398 4.83, 4.33 531 6293 (0.78)
MeOH 288, 397 4.92, 4.42 562 7395 (0.92)
formic acid 333, 496 4.92, 4.76 a a

PCZPQ formic acid 300, 474 4.69, 4.60 579 3826 (0.47)
PPTZPQ formic acid 299, 566 4.88, 4.71 a a

a Too low to measure.

Figure 3. Normalized emission spectra of BPQ-MCZ oligo-
mer (λex ) 370 nm, except formic acid at 439 nm) in solvents
of varying polarity.

Figure 4. Normalized emission spectra (λex ) 400 nm) of
BPQ-PTZ oligomer in solvents of varying polarity.
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fluorescence quantum yield was not measured in all the
different solvents, it was found that the fluorescence
intensity of both oligomers decreased by orders of
magnitude with increasing solvent polarity. In the
extreme case of BPQ-PTZ in formic acid, the fluores-
cence was completely quenched. These results are
consistent with the expected effects of ICT on fluores-
cence quantum yield; i.e., fluorescence efficiency should
decrease with increasing strength of intramolecular
charge transfer.

The PL decay dynamics of BPQ-MCZ in dilute
solution (ca. 10-6 M) was examined in two solvents,
chloroform and dimethyl sulfoxide (DMSO). In both
solvents the picosecond time-resolved PL decay dynam-
ics was well fitted (100% amplitude) by a single expo-
nential, giving fluorescence lifetimes of 1.99 and 4.01
ns in chloroform and DMSO, respectively (Table 2). The
interesting suggestion from these results is that the
fluorescence lifetime of this donor-acceptor oligomer
increased with increasing solvent polarity. Additional
studies of PL decay dynamics in other solvents of
varying polarity in conjuction with computational mod-
eling are needed to establish the general validity of this
suggestion.

b. Thin Films. The solid-state photophysical proper-
ties of the two donor-acceptor oligomers, BPQ-MCZ
and BPQ-PTZ, were investigated in thin films prepared
by spin-coating from chloroform, formic acid, or toluene
solutions. Figure 5 shows the optical absorption spectra
of thin films of both oligomers. The main features of
these spectra are similar to those observed in aprotic
solvents: two characteristic bands near 300 and 385-

410 nm. The absorption maxima in the carbazole-linked
oligomer are at 303 and 385 nm while the optical band
gap (absorption edge) is 2.90 eV. The absorption of the
phenothiazine-linked oligomer has peaks at 298 and 410
nm while showing a band gap of 2.54 eV (Table 3). For
comparison, the high molecular weight conjugated poly-
carbazole (PMCZ) and polyphenothiazine (PMPTZ)
(Chart 1) have optical band gaps of 3 eV or greater. The
high molecular weight conjugated polyquinolines (PPQ
and PBPQ, Chart 1) have band gaps of 2.65 and 2.81
eV, respectively. Thus, even at the repeat unit (oligomer)
level the present phenothiazine-quinoline donor-ac-
ceptor architecture has already resulted in smaller band
gaps than the parent homopolymers. Clearly, the basic
ICT structure of the oligomers is preserved in the solid
state.

The PL emission spectra of thin films of the oligomers
are also shown in Figure 5. The phenothiazine-contain-
ing oligomer (BPQ-PTZ) has a featureless emission
band centered at 540 nm, resulting in a Stokes shift of
5813 cm-1 (0.72 eV). Thin films of the carbazole-linked
oligomer (BPQ-MCZ) exhibit dual fluorescence with
emission maxima at 454 and 584 nm (Table 3). The blue
emission band corresponds to a Stokes shift of 4016
cm-1 (0.50 eV) while the orange emission band has a
Stokes shift of 8918 cm-1 (1.11 eV). The blue emission
band is very similar to the dilute solution emission band
of the oligomer in chloroform or THF. On the basis of
this similarity, we assign the blue emission band to
singlet emission from BPQ-MCZ molecules. The broad
featureless orange emission band of BPQ-MCZ solid
films can be assigned to an intermolecular excimer,24,25

requiring favorable molecular packing with intermo-
lecular distances on the order of 0.35 nm as found by
single-crystal X-ray diffraction of related oligomers.16

The intriguing question is why the two different emit-
ting species coexist in the solid state of BPQ-MCZ. A
possible reason is that the spin-coated thin films of this
oligomer are semicrystalline, allowing highly ordered
regions to coexist with amorphous regions with conse-
quent different molecular packing and different emitting
species. Supporting this view is the fact that attempts
to grow single crystals of either of the two oligomers
from different solvents were unsuccessful unlike over
one dozen other oligomers we have been able to obtain
single crystals for X-ray crystallography.16 Furthermore,
we have found that solid films of BPQ-MCZ spin-coated
from either chloroform or formic acid exhibit the dual
fluorescence shown in Figure 5. However, solid films
spin-coated from toluene had only the blue band with
an emission maximum of 459 nm. The dual fluorescence
of BPQ-MCZ oligomer is thus related to the morphology
of solid films. In contrast, only one emission band was
observed from BPQ-PTZ solid films spin-coated from
different solvents. The solid-state emission from the
phenothiazine-linked oligomer appears to be from an
intramolecular exciton with strong charge-transfer char-
acter. Preliminary molecular mechanics examination of
the minimum-energy geometries of these oligomers

Table 2. PL Decay Lifetime of Oligomers and Copolymers
in Solution and Thin Films

material
τ1,
ns

τ2,
ns

τ3,
ns

amplitude,
% τ1/τ2/τ3 ø2

BPQ-MCZ (CHCl3) 1.99 100 2.0
BPQ-MCZ (DMSO) 4.01 100 1.9
BPQ-MCZ (film,

450 nm)
0.85 0.12 0.024 5.3/44.0/50.8 1.08

BPQ-MCZ (film,
580 nm)

21.1 4.09 0.62 54.2/36.6/9.3 2.1

BPQ-PTZ (film) 3.15 1.04 0.20 30.0/51.4/18.6 1.49
PCZPQ (film) 9.61 2.07 0.33 30.9/46.1/23.0 1.84
PPTZPQ (film) 1.58 0.29 0.071 9.7/30.6/59.7 1.2

Figure 5. UV-vis absorption and PL emission spectra of thin
films of donor-acceptor oligomers (λex ) 384 nm for BPQ-
MCZ and 411 nm for BPQ-PTZ).

Table 3. Absorption and Emission Properties of Thin
Films of Oligomers and Copolymers

material
λmax

UV ,
nm

Eg,
eV

λmax
PL ,
nm Stokes shift, cm-1 (eV)

BPQ-MCZ 300, 384 2.90 454, 584 4016 (0.50), 8918 (1.11)
BPQ-PTZ 298, 411 2.44 540 5813 (0.72)
PCZPQ 312, 410 2.64 640 8765 (1.09)
PPTZPQ 304, 437 2.35 577 5552 (0.69)
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showed that whereas the phenothiazine-linked oligomer
was highly bent, which would prevent efficient inter-
molecular packing, the carbazole-containing oligomer
was relatively coplanar.

A rough estimate of fluorescence quantum yield of
thin films of the oligomers, i.e., without using an
integrating sphere, showed that it was significantly
lower than in solution. For both BPQ-MCZ and BPQ-
PTZ solid films, the flourescence quantum yield was less
than 0.1. The PL decay dynamics of oligomer solid films
was examined by monitoring their PL emission maxima.
As discussed previously, the solution PL decay dynamics
of BPQ-MCZ in two different solvents was well de-
scribed by a single exponential and one fluorescence
lifetime. However, in solid films the PL decay dynamics
of both oligomers was not monoexponential, requiring
three exponentials to achieve best fits of the data (Table
2). The decay dynamics of each of the dual fluorescence
emission bands of BPQ-MCZ solid film was monitored
at 450 and 580 nm, respectively. The blue monomer-
like emission was characterized by extremely short
dominant fluorescence lifetimes of 24-120 ps. The
orange emission band in contrast gave dominant life-
times of 4-21 ns. These PL decay data are consistent
with the previous assignment of the orange band to
intermolecular excimers.24,25 The dominant fluorescence
lifetimes of the phenothiazine-linked oligomer were in
the 1-3 ns range and in line with an intramolecular
exciton with strong charge-transfer character.26

Photophysics of DonorsAcceptor Copolymers.
a. Solutions. Because the high molecular weight
copolymers were only partially soluble in aprotic organic
solvents without the aid of complexation, they were
investigated in formic acid solutions. The UV-vis
absorption spectra of both copolymers in solution are
shown in Figure 6. These copolymer absorption spectra
are red-shifted from those of the corresponding oligo-
mers; PCZPQ and PPTZPQ have absorption maxima of
474 and 566 nm, respectively (Table 1). That the
absorption maximum increases with increasing chain
length due to electronic delocalization increase is a
general feature of conjugated polymers.27 However,
considering that the present donor-acceptor oligomers
are actually identical to the alternating copolymer

repeat units (Chart 2), one sees that the increase in
absorption maximum beyond one repeat unit is only
modest. The reason for this unusual feature in these
conjugated copolymers is the dominant role of intramo-
lecular charge transfer on their electronic structures.
The large red shift of the absorption maximum of the
phenothiazine copolymer relative to the carbazole can
be understood from its stronger ICT since phenothiazine
is a stronger electron-donating ring.

In formic acid solutions, PCZPQ has a weak PL
emission with a low fluorescence efficiency (∼3%) and
maximum at 579 nm. The phenothiazine copolymer,
PPTZPQ, has no detectable emission in formic acid
solutions, indicating that the very strong ICT state
when the quinoline rings are protonated is nonfloures-
cent. Similar observations of fluorescence quenching in
alternating donor-acceptor copolymers have been re-
ported.2

b. Thin Films. The UV-vis absorption spectra of
thin films of the copolymers, spin-coated from formic
acids, are shown in Figure 7. Lowest energy absoption
maxima of 410 and 437 nm were observed for the
carbazole and phenothiazine copolymers, respectively.
The corresponding optical band gap (Eg), measured from
the absorption edge, are 2.64 and 2.35 eV, respectively
(Table 3). The smaller optical band gap in the phenothi-
azine copolymer shows that its greater ICT seen in
solution is preserved in the solid state. The observed
band gaps of both copolymers are significantly less than
the parent homopolymers or related polyquinolines
linked by p-phenylene and p-biphenylene. However,
these band gaps are somewhat larger than those of
thiophene- and bithiophene-linked polyquinolines.1b

This latter comparison demonstrates that if lowering
of the band gap is the primary aim, coplanarity between
the donor and acceptor units in a copolymer, and
consequent efficient π-electron delocalization is a very
important design criterion. By choice of the 3,6-carba-
zolylene and 3,7-phenothiazylene linkages in the present
copolymers, our aim was not to achieve the smallest
possible optical band gaps but of understanding the
influence of the donor strength and geometry of the
electron-donating moieties in donor-acceptor copolymer
architectures on photophysics and charge transport
properties.

Figure 6. UV-vis absorption spectra of formic acid solutions
of PCZPQ (5.6 × 10-5 M) and PPTZPQ (2.7 × 10-5 M). The PL
emission spectrum (λex ) 474 nm) of PCZPQ in formic acid is
also shown.

Figure 7. UV-vis absorption and emission spectra of thin
films of donor-acceptor copolymers (λex ) 410 nm for PCZPQ
and 437 nm for PPTZPQ).
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The PL emission spectra of the copolymer thin fims
are also shown in Figure 7. Here, the featureless and
broader emission band of the carbazole copolymer, with
maximum at 640 nm and a Stokes shift of 1.1 eV, is
actually red-shifted from the phenothiazine copolymer
by 63 nm. The solid-state fluorescence efficiency of both
copolymers is reduced compared to the oligomers in
solution. In the case of the carbazole copolymer, its solid-
state PL emission spectrum has all the features of
intermolecular excimers24,25 and, in comparison with the
oligomer thin-film results, can be readily assigned as
such. We point out that the absorption edge feature at
∼470-550 nm in the UV-vis spectrum of PCZPQ was
confirmed to be real by a PL excitation scan of the 640
nm emission band. Such an absorption edge feature has
been interpreted in some conjugated polymer films to
imply existence of ground-state aggregates and the
luminescence as arising from “aggregate emission.”28

However, existence of ground-state aggregates does not
preclude excimer emission since often such “aggregate”
species are preform excimer sites in a material.24,25,28c

The nature of the emission from the phenothiazine
copolymer seems more intriguing since its formic acid
does not fluoresce. However, the PL emission blue shift
of this copolymer relative to the carbazole copolymer,
which is the opposite of the absorption spectra relation-
ship of the two materials, strongly rules out intermo-
lecular excimer emission. Insights provided by the
previously discussed emission features of the phenothi-
azine oligomer allow us to assign the phenothiazine
copolymer emission to intramolecular excitons with
strong charge-transfer character,26 in accord with the
dominant role of ICT in the lowest excited states of this
copolymer.

The solid-state PL decay dynamics of the two copoly-
mers are also shown in Table 2. Similar to the oligomer
thin films, three exponentials were required to ad-
equately fit the data. The PCZPQ solid films have rather
long-lived excited-state species with dominant fluores-
cence lifetimes in the 2.0-9.6 ns range. This is consis-
tent with the intermolecular excimer assignment of the
emission. In contrast, the dominant lifetimes of the
phenothiazine copolymer (PPTZPQ) thin films are only
in the range 70-290 ps, which are rather short com-
pared to excimer-forming conjugated polymers.9d The
PL decay dynamics support the view that the emission
from the phenothiazine copolymer is from intramolecu-
lar excitons with a strong charge-transfer character. In
the limit of very strong intramolecular charge transfer
as observed in PPTZPQ solutions in formic acid, the
fluorescence is quenched. In solid films of the phenothi-
azine copolymer, ICT is sufficiently strong to dramati-
cally reduce the fluorescence lifetime along with the
quantum yield.

Light-Emitting and Photovoltaic Devices. Com-
pared to our previous studies of electroluminescent
polyquinolines,9 the present donor-acceptor copolymers
have lower fluorescence efficiencies. However, because
these new copolymers contain both electron-donating
and electron-accepting moieties, it is reasonable to
expect that charge injection and transport could be more
balanced in light-emitting diodes (LEDs). In preliminary
studies, single-layer devices of the configuration ITO/
PCZPQ/Al and ITO/PPTZPQ/Al were fabricated and
tested in ambient laboratory conditions by using previ-
ously reported procedures and methods.9,29 Red elec-
troluminescence (EL), with emission maximum at 630-

640 nm and luminance levels less than 10 cd/m2, was
observed in the carbazole copolymer. EL emission was
not observed from the single-layer phenothiazine co-
polymer devices. Given these single-layer results, it
appears that use of these copolymers in bilayer or blend
LEDs is more promising for preparing tunable multi-
color devices or white light LEDs.29 Also, because of
their higher fluorescence efficiencies, the two oligomers
which can be vapor-deposited are promising for LEDs.
Detailed device studies along these lines are in progress
and will be reported in the future.29

Photovoltaic cells of the Schottky barrier type, ITO/
copolymer (50-100 nm)/Al, were also fabricated and
evaluated by using methods previously reported.7a,30

Initial results showed that the donor-acceptor copoly-
mers exhibit a photovoltaic effect with photocurrents
of ca. 10-20 µA/cm2 and photovoltages of 0.8-1.1 V at
simulated sunlight intensities (up to 100 mW/cm2). The
photovoltaic power conversion efficiencies were only
about 0.1-0.2%, which are comparable but not better
than many single-layer conjugated polymer solar cells.7a,30

Here again, it appears that a multicomponent system
would be essential to enhance device performance as
found in other semiconducting polymers.7

Conclusions

We have described the synthesis and characterization
of new high molecular weight conjugated donor-accep-
tor copolymers containing electron-donating carbazole
and phenothiazine units and electron-accepting phen-
ylquinoline unit. The copolymers have significantly
reduced optical band gaps compared to the parent
homopolymers. Two oligomers were also investigated,
providing unique insights into the intramolecular charge
transfer and photophysics of the donor-acceptor co-
polymers. Large positive solvatochromism was observed
in the absorption and emission spectra of the oligomers
in solution due to strong intramolecular charge transfer
between the donor and acceptor moieties. ICT effects
were enhanced in the phenothiazine-linked oligomer
and copolymer compared to the carbazole-based materi-
als. The solid-state emission from the phenothiazine-
containing materials was from charge-transfer excitons
whereas the carbazole-linked oligomer and copolymer
were dominated by excimers. A detailed investigation
of electroluminescent and photovoltaic devices fabri-
cated from these copolymers and oligomers is in progress
and will be reported in a future paper.
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