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A B S T R A C T

Polyfluorene (PF) and oligofluorene (OF) with N1-hexylcytosine side chains were synthesized by Pd-complex-
catalyzed condensation reactions starting from a newly synthesized monomer. The UV–vis spectra of the PF
exhibit the absorption maximum at a longer wavelength than that of the OF, thus revealing that a π-conjugation
system extends along the polymer chain. The PF and OF are photoluminescent in solution, and their photo-
luminescence (PL) intensities are gradually decreased by the addition of nucleosides such as adenosine, cytidine,
and guanosine to the solution. The decrease in PL intensity is likely caused by photoinduced charge transfer
(PCT) from the PF's and OF's backbones to the nucleosides, within the complexes generated by hydrogen bonding
between the PF and OF cytosine group at their side chains and the nucleosides. Among the nucleosides, gua-
nosine acted as the most effective PL quenching agent. Cyclic voltammetry (CV) analysis of the OF showed that it
is electrochemically active.

1. Introduction

π-Conjugated polymers (CPs) are used for the trace detection of
analytes, because their properties such as conductivity, emission in-
tensity, and exciton migration are easily affected by external agents,
leading to substantial changes in measurable signals [1–5]. These
changes are based on electrostatic and non-covalent interactions be-
tween CPs and analytes.

Telomeres are essential parts of human chromosomes that regulate
how our cells age. In humans, they consist of the same sequence of
nucleotides, namely TTAGGG, and can reach up to 15,000 base pairs in
length [6]. Telomerase is found at high levels in cancer cells. This en-
ables cancer cells to continue replicating themselves indefinitely. To
obtain information about telomerase activity, telomere chain lengths
measurements are performed by several methods [7–17]. Un-
fortunately, these methods need several hours to be completed and
often require polymerase chain reaction (PCR) amplification, which is
also time consuming [7,8,9,12,14,16]. The introduction of nucleobases
in luminescent CPs could be one of the best methods for the develop-
ment of sensing materials for telomeres. The formation of hydrogen
bonds between the CPs nucleobases and complementary nucleobases of
telomeres should affect the CPs luminescent properties. Monitoring
luminescence changes of CPs will enable short-time detection of nu-
cleobases. In this study, luminescent PF and OF with nucleobase an-
chored groups were synthesized by Pd-complex-catalyzed condensation

reactions. We introduced N1-hexylcytosine side chains in the PF and OF
because cytosine is complementary with guanine, which accounts for
50% of the nucleobases in telomeres. In addition to the N1-hex-
ylcytosine side chain, bromohexyl side chains were also introduced in
the OF. The heavy Br atom can reduce motility of the alkyl side chain,
which contributes to avoid photoluminescence (PL) decrease. In addi-
tion, the alkyl substituents' motility in luminescent aromatic oligomers
sometimes leads to PL decrease [18]. Several papers concerning nu-
cleobase sensors based on CPs have been reported [19–21]. These
sensors were used for the detection of Cu(II) ions and nucleobase
analogs such as 2,6-diacetamidopyrimidines. To the best of our
knowledge, however, the synthesis of highly luminescent PF and OF
with anchored nucleobases has not been reported to date. Besides, in-
vestigation of the chemical properties of such CPs could provide fun-
damental information for the development of new functional materials.
Furthermore, CPs with N1-alkylcytosine side groups may also be useful
materials for sensing different proteins.

In this study, we report the synthesis of PF and OF with N1-hex-
ylcytosine side chains, their chemical properties, and sensing ability for
detecting nucleosides such as adenosine, cytidine, and guanosine. A
comparison between the OF's optical and electrochemical properties
with those of the PF, as well as their nucleosides sensing ability is also
made and offers valuable information.
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2. Experimental

2.1. General

Solvents were dried, distilled, and stored under nitrogen. 2,7-
Dibromo-9,9-bis(6′-bromohexyl)fluorene and poly(9,9-di-n-hexyl-
fluorenyl-2,7-diyl) were synthesized according to the literature
[1,2,22]. 9,9-Dihexylfluorene-2,7-trimethyleneborate (monomer-3) and
the other reagents were purchased and used without further purifica-
tion. Reactions were then performed with standard Schlenk techniques
under nitrogen.

IR and NMR spectra were recorded on a JASCO FT/IR-660 PLUS
spectrophotometer with a KBr pellet and JEOL AL-400 ECX-500 spec-
trometers, respectively. ESI TOF-MS analysis was conducted on a
Bruker micrOTOFII. GPC analysis was then performed on a TOSO HLC-
8220 with polystyrene gel columns (Shodex LF-804) with a RI detector
using N,N-dimethylformamide (DMF) containing 0.06 M LiBr as an
eluent. UV–vis and PL spectra were obtained using a JASCO V-560
spectrometer and a JASCO FP-6200, respectively. Cyclic voltammetry
was performed with a Hokuto Denko HSV-110, and 1 cm× 1 cm and
1 cm× 2 cm Pt plates and Pt wire were used as working, counter, and
reference electrodes, respectively. Tetraethylammonium tetra-
fluoroborate was used as an electrolyte. The scan speed was 50 mV s−1.

2.2. Synthesis of monomer-1

NaH (0.29 g, 12 mmol) was dissolved in 30 mL of anhydrous di-
methyl sulfoxide (DMSO) at 75 °C, and the solution was cooled to 30 °C.
After cytosine (1.33 g, 12 mmol) was added to the solution, the reaction
solution was stirred for 30 min, followed by the addition of 2,7-di-
bromo-9,9-bis(6′-bromohexyl)fluorene (1.95 g, 3.0 mmol). After stir-
ring for 20 h at 30 °C, the solvent was removed under vacuum. The
resulting solid was washed with chloroform (100 mL) and then with
water (100 mL) at 60 °C. Monomer-1 was collected by filtration, dried
under vacuum, and obtained as a white solid (0.73 g, 33%). 1H NMR
(400 MHz, DMSO-d6): δ 7.80 (J = 10.4 Hz, 2H, 7.70 (s, 2H), 7.53 (dd,
J = 1.6 and 8.0 Hz, 2H), 7.44 (d, J = 7.2 Hz, 2H), 6.93 (br, 4H), 5.58
(d, J = 6.8 Hz, 2H), 3.48 (t, J = 7.6 Hz, 4H), 2.00 (t, J = 7.6 Hz, 4H),
1.34 (s, 8H), 0.45 (s, 4H). 13C NMR (125 MHz, DMSO-d6): δ 165.32,
155.03, 151.91, 144.92, 138.22, 129.49, 125.56, 121.16, 120.23,
92.34, 54.91, 47.85, 28.09, 27.82, 24.90, 22.69. ESI TOF-MS Calcd. for
C33H38Br2N6O2: 711.1478. Found: 711.1482.

2.3. Synthesis of monomer-2

Pd(dppf)Cl2 (0.10 g, 0.14 mmol) was added to dry 1,4-dioxane so-
lution (20 mL) of 2-bromo-9,9′-bis(6′-bromohexyl)fluorene (1.15 g,
2.0 mmol), bis(pinacolato)diboron (0.61 g, 2.4 mmol), and potassium
acetate (1.37 g, 14.0 mmol). After the reaction solution was stirred at

85 °C for 12 h, the solvent was removed under vacuum. The resulting
solid was extracted with chloroform, dried over anhydrous sodium
sulfate, and purified by silica gel column chromatography
(eluent = CHCl3). The solvent was removed by evaporation and dried
under vacuum to give monomer-2 as a light yellow paste (0.92 g, 74%).
1H NMR (400 MHz, CDCl3): δ 7.81 (d, J = 7.6 Hz, 1H), 7.69–7.73 (m,
3H), 7.29–7.34 (m, 3H), 3.26 (t, J = 6.8 Hz, 4H), 1.99 (m, 4H), 1.63
(m, 4H), 1.19 (m, 4H), 1.06 (m, 4H), 0.59 (m, 4H). 13C NMR (125 MHz,
DMSO-d6): δ 150.81, 149.38, 144.02, 140.82, 133.77, 128.63, 127.53,
126.75, 122.75, 120.10, 118.96, 83.67, 54.89, 40.00, 33.86, 32.58,
28.94, 27.69, 24.93, 23.39. ESI TOF-MS Calcd. for C31H43BBr2O2:
619.1783. Found: 619.1788.

2.4. Synthesis of polymer-1

Pd(PPh3)4 (0.011 g, 0.0097 mmol) was dissolved in 8 mL of dry
DMSO under N2. Monomer-1 (0.071 g, 0.10 mmol) and monomer-3
(0.050 g, 0.10 mmol) were then added to the solution. After K2CO3(aq)
(2.5 M, 8 mL; N2 bubbled before use) was added dropwise to the so-
lution, the mixture was stirred at 105 °C for 48 h. The precipitate was
collected by filtration, washed with water, and dried under vacuum to
give polymer-1 as a very thin green powder (0.080 g, 86%). 1H NMR
(400 MHz, DMSO-d6): δ 7.55–7.93 (12H), 7.33 (2H), 6.54 (4H), 5.59
(2H), 3.50 (4H), 2.07–2.16 (8H), 1.40 (6H), 1.08 (24H), 0.79 (2H), 0.73
(6H).

2.5. Synthesis of oligomer-1

Pd(PPh3)4 (0.028 g, 0.024 mmol) was dissolved in 3 mL of dry
DMSO under N2. Monomer-1 (0.11 g, 1.5 mmol) and monomer-2
(0.19 g, 3.0 mmol) were added to the solution. After K2CO3(aq) (2.5 M,
3 mL; N2 bubbled before use) was added dropwise to the solution, the
mixture was stirred at 90 °C for 48 h. The precipitate was then filtered,
and the solvent of the filtrate was removed under vacuum. The resulting
solid was extracted with methanol, and the solvent was removed under
vacuum to give oligomer-1 as a light brown powder (0.039 g, 17%). 1H
NMR (400 MHz, DMSO-d6): δ 7.31–7.83 (22H), 6.92 (4H), 5.56 (2H),
4.20 (4H), 3.47 (4H), 3.22 (4H), 1.98 (12H), 1.33 (4H), 1.17 (4H), 1.00
(28H), 0.46 (12H).

3. Results and discussion

3.1. Synthesis

To obtain the polymers and the oligomer with N1-hexylcytosine side
chains, a new monomer, namely monomer-1, was synthesized by the
reactions shown in Scheme 1. The structure of monomer-1 was de-
termined by 1H and 13C NMR, and ESI TOF-MS spectroscopy. The
polymer with N1-hexylcytosine side chains, namely polymer-1, was

Scheme 1. Synthesis of monomers.
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synthesized by the Pd-complex-catalyzed polycondensation of
monomer-1 with monomer-3 (Scheme 2). To obtain information about
the polymers' structure and their structure-properties relationship, oli-
gomer-1 was synthesized by the reaction of monomer-2 with monomer-
1 in a 2:1 M ratio (Scheme 3).

Monomer-1 is soluble in acetone, chloroform, DMSO, and methanol
at room temperature. Monomer-2 and oligomer-1 are soluble in DMF
and DMSO at 100 °C. Polymer-1 is partly soluble in the solvents at
100 °C, but it is insoluble at room temperature. Although the solubility
of polymer-1 is somewhat low, the UV–vis and PL measurements of the
polymer can be performed. The low solubility of PF and OF with the N1-
hexylcytosine side chains is ascribed to the formation of intra- and in-
termolecular hydrogen bonds involving cytosine groups. Especially in
polymer-1, the intermolecular hydrogen bonds may lead to complicated
conformations such as cross-linking structures in solution.

The GPC measurements suggest that the Mn and Mw values of the
DMF soluble part of polymer-1 are 7180 and 7670, respectively.

3.2. IR and 1H NMR spectra

Fig. 1 shows the IR spectra of monomer-1, monomer-3, polymer-1,
and oligomer-1. The IR spectrum of monomer-3 contained peaks cor-
responding to the stretching vibrations of CeH bonds of the methylene
groups at 2977 cm−1 and those of BeO bonds at 1349 cm−1, respec-
tively. The peaks corresponding to the later bonds are not present in the
IR spectra of polymer-1 and oligomer-1. These observations suggest
that the expected condensation reactions were performed successfully.
The peaks corresponding to the NeH bonds and C]O bonds stretching
vibrations of polymer-1 and oligomer-1 are observed at 3345 cm−1 and
1650 cm−1 and 3348 cm−1 and 1654 cm−1, respectively. These wa-
venumbers are essentially the same as those of monomer-1
(νNeH = 3349 cm−1 and νC]O = 1649 cm−1).

Fig. 2 shows the 1H NMR spectra of monomer-1, oligomer-1, and
polymer-1, which were almost dissolved in DMSO-d6 at 100 °C. The
peak assignments are shown in the figure. The peak integral ratios of
the aromatic and aliphatic protons of polymer-1 and oligomer-1 sug-
gested that the expected condensation reactions were performed suc-
cessfully. The peaks corresponding to the cytosine protons (He and Hd)
of monomer-1 appear at δ 5.58 and 7.44, respectively. The corre-
sponding peaks of polymer-1 and oligomer-1 appear essentially in the
same positions as those of monomer-1. The peaks corresponding to the
NH2 groups of monomer-1 and oligomer-1 appear at lower magnetic
field positions than those of polymer-1. These observations correspond
to the assumption that the cytosine group of monomer-1 and oligomer-
1 can form intermolecular hydrogen bonds more easily than that of the

polymers.

3.3. Cyclic voltammograms

Fig. 3 shows the cyclic voltammogram of a cast film of oligomer-1 in
an acetonitrile solution containing tetramethylammonium tetra-
fluoroborate at 0.10 M concentration. The cast film of oligomer-1 ex-
hibited peaks at 0.75 V (Epa vs. Ag+/Ag) and−1.51 V (Epc vs. Ag+/Ag)
corresponding to the electrochemical oxidation of the oligomer back-
bone and reduction of the cytosine group, respectively. The CV

Scheme 2. Synthesis of polymer.

Scheme 3. Synthesis of oligomer.

(a)

(b)

(c)

(d)

Fig. 1. IR spectra of (a) monomer-1, (b) monomer-3, (c) polymer-1, and (d) oligomer-1.
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measurement of polymer-1 was not possible due to its low solubility.
The highest occupied molecular orbital (HOMO) energy level of oli-
gomer-1 was estimated by approximately −5.2 eV, according to the
following Equation [23],

= − + EHOMO (4.71 )onset

where Eonset is the onset potential value of the oxidation peak. The
lowest unoccupied molecular orbital (LUMO) energy level of oligomer-
1 was calculated by −2.0 eV from the HOMO energy level and the
optical band gap of oligomer-1 (Eg = 3.2 eV) that was estimated from
the onset position (λonset).

3.4. UV–vis and photoluminescence spectra

Fig. 4 shows the UV–vis spectra of monomer-1, polymer-1, and
oligomer-1 in DMSO. The absorption corresponding to the cytosine

groups of monomer-1, polymer-1, and oligomer-1 appears at around
280 nm. The λonset of the absorption spectrum of oligomer-1 appears
at a longer wavelength than that of monomer-1; this suggests that a
larger π-conjugation system is present in oligomer-1. The absorption
maximum (λmax) and λonset of the absorption spectrum of polymer-1
appear at a longer wavelength than those of oligomer-1. These ob-
servations are attributed to the more expanded π-conjugation system of
the polymer.

The polymer and oligomer obtained in this study are photo-
luminescent in solutions when irradiated with UV light. The PL peak
position of polymer-1 (λem = 421 nm) appears at a longer wavelength
than that of oligomer-1 (λem = 324 nm), which is attributed to the
larger π-conjugated system present in the polymer chain. These ob-
servations are consistent with the results that the absorptions of the
polymer are observed at longer wavelengths than that of the oligomer.

The PL intensity of the DMSO solutions of polymer-1 and oligomer-1
decreased upon addition of adenosine, cytidine, and guanosine to the
solutions. This suggests that these nucleosides worked as quenchers of
the polymers and oligomer PL. Recent studies of binary conjugated
polymer blends highlight the competition between energy transfer and
photoinduced charge transfer (PCT) events as a function of the HOMO
and LUMO energy levels in the donor and acceptor pairs [24–26]. When
both the HOMO and LUMO energy levels are higher in one of the op-
tical partners, donor excitation would lead to PCT to the acceptor
[1,2,27–30]. As described, the HOMO and LUMO energy levels of oli-
gomer-1 were −5.2 eV and −2.0 eV, respectively. These levels are
higher than those of the nucleosides used in this study, as summarized
in Table 1 [31]. Fig. 5 shows a possible quenching mechanism of
polymer and oligomer PL in the presence of these nucleosides. When
the cytosine groups of the polymer and oligomer (donors) form com-
plexes with the nucleosides (acceptors), donor excitation causes PCT to

Fig. 2. 1H NMR spectra of the DMSO-d6 solution of monomer-1 and DMSO-d6 soluble part
of polymer-1 and oligomer-1.

Fig. 3. Cyclic voltammogram of the cast film of oligomer-1 on a Pt plate in an acetonitrile
solution containing [Et4N]BF4 (0.10 M).

Fig. 4. UV–vis spectra of monomer-1 (hashed curve), polymer-1 (solid curve), and oli-
gomer-1 (dotted curve) in DMSO.

Table 1
HOMO and LUMO energy levels (unit; eV) of oligomer-1 and nucleosides.

Oligomer-1 Guanosine Adenosine Thymidine

LUMO −2.0a −2.20c −2.25c −2.70c

HOMO −5.2b −6.25c −6.50c −6.80c

a Calculated by the difference between the optical band gap and HOMO energy level.
b Determined by cyclic voltammetry.
c Data from reference 31.
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the acceptor's LUMO. In this situation, the polymer and oligomer PL are
quenched. This assumption is confirmed by the fact that the poly(9,9-
di-n-hexylfluorenyl-2,7-diyl)’s PL intensity is almost unchanged by the
addition of these nucleosides.

Fig. 6 shows the PL spectra of polymer-1 and oligomer-1 in the
presence of a series of concentrations of guanosine, which acts as PL
quencher. PL intensities decreased with an increase in guanosine con-
centration. A quantitative measurement of PL quenching can be
achieved by determining the Stern-Volmer constant, KSV, from the
following equation:

= +I I K1 [quencher]0 SV

where I0 is the PL intensity in the absence of quencher and I is the PL
intensity in the presence of quencher. This equation reveals that I0/I
increases in direct proportion to the quenching moiety's concentration,
and the constant KSV defines the efficiency of quenching. Fig. 7 shows
Stern-Volmer plots for PL quenching by guanosine for polymer-1 and
oligomer-1. The KSV(G) values of polymer-1 and oligomer-1 are
5.5 × 103 M−1 and 2.0 × 104 M−1, respectively. The higher KSV(G)
value of oligomer-1 than that of polymer-1 can be attributed to the
easier formation of an associate complex between the oligomer and
guanosine. This is based on the assumption that polymer-1 takes more
complicated conformations than oligomer-1 in solution. The KSV(A) and
KSV(C) values of oligomer-1 for PL quenching by adenosine and thy-
midine are 1.2 × 104 M−1 and 1.0 × 104 M−1, respectively. The dif-
ferences (ΔLUMO) of the LUMO levels between oligomer-1 and guano-
sine, adenosine, and thymidine are 0.20 eV, 0.25 eV, and 0.70 eV,
respectively. The fact that the KSV values of oligomer-1 increase with
the decrease of the ΔLUMO values corresponds to the assumption that PL
quenching by the nucleotides is attributed to PCT from the LUMO level
of the oligomer to those of the nucleotides. The hydrogen bonds be-
tween oligomer-1 and nucleotides also contribute to PL quenching. The
higher KSV(G) value than the KSV(A) and KSV(C) values corresponds to
the formation of strong hydrogen bonds between oligomer-1 and gua-
nosine. Cytosine can form hydrogen bonds with guanosine at three
positions and with adenosine and thymidine at less than two positions.

4. Conclusions

Polyfluorene (PF) and oligofluorene (OF) with N1-hexylcytosine side
chains were synthesized by Pd-complex-catalyzed condensation reac-
tions. The UV–vis spectra of the PF exhibit absorption maxima at longer
wavelengths than in the case of the OF, revealing that the π-conjugation
system expands along the polymer chains. The PF and OF are

Fig. 5. A possible quenching mechanism for the PL of the oligomer in the presence of the
nucleosides.

Fig. 6. PL spectra of (a) polymer-1 and (b) oligomer-1 in the presence of a series of
concentrations of guanosine.
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photoluminescent in solution, and their photoluminescence (PL) in-
tensities are decreased by the addition of nucleosides such as adenosine,
thymidine, and guanosine to the solution. It is hypothesized that the
decrease in PL intensity is caused by photoinduced charge transfer
(PCT) in the complex generated by hydrogen bonding between the PF
and OF cytosine group and the nucleosides. Among the nucleosides
tested, guanosine showed the most effective PL quenching activity. The
results correspond to the following: (i) the cytosine groups of the PF and
OF form more stable complexes with guanosine than adenosine and
thymidine, and (ii) PCT occurs easily in the complex of oligomer-1 with
guanosine because of the smaller ΔLUMO between oligomer-1 and gua-
nosine than those between oligomer-1 and the other nucleotides. The
solubility of the PF and OF obtained in this study was low, but the
detection of nucleotides was possible by PL measurements of the so-
luble parts of the PF and OF. Introduction of hydrophilic groups in PF
and OF will be conducted to improve their solubility in future studies.
Cyclic voltammetry analysis suggests that the OF undergoes electro-
chemical oxidation of the backbone and electrochemical reduction of
the cytosine group. From the results obtained in this study, PF and OF
could be useful materials for determining telomere chain lengths within
shorter times than the currently used methods.
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