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Novel conjugated materials, poly(4,8-dialkoxy-1,5-naphthalenevinylene)s (OC,-PNV, n = 4, 6, 8, and 12), have been prepared by
a method similar to the Gilch procedure. The structure, optical and thermal properties of these polymers with various alkoxy side
chain lengths have been evaluated by IR, UV-Vis absorption, fluorescence emission and thermogravimetric analysis. The band gap of
OC,-PNV increases with increasing side chain length. Moreover, wavelengths of the photoluminescence (PL) emission peaks (Amax)
of OC,-PNYV solutions decrease with increasing alkoxy side chain length. This is probably due to the entanglement of long side chains
that causes distortion of the conjugated main chains and thereby raises band gap of the polymer. PL A,,«’s of these polymers in film
state are red-shifted by 14-59 nm than those in solution state. The red-shift is due to the more chain aggregations after spin coating
from solution into film state and consequently the lower band gap in the film state. Besides, the polymer with shorter side chains is

more thermally stable than that with longer side chains.

Keywords: conjugated materials, poly(4,8-dialkoxy-1,5-naphthalenevinylene)s, thermal properties, photoluminescence

1 Introduction

After the discovery of polyacetylene as a new class of con-
jugated polymers by Shirakawa et al. (1), a great deal of
research has focused on the development of other conju-
gated polymers. Conjugated polymers derive the unusual
semi-conducting properties from having a framework of
alternating single and double carbon-carbon bonds. Con-
jugated polymers may be prepared by either chemical or
electrochemical methods (2-4). In recent years, there has
been considerable progress made with the polymerization
of conjugated aromatic polymers such as polyfluorene (5),
polyaniline (6), polythiophene (7), and polypyrrole (8). The
unusual optoelectronic properties of these aromatic poly-
mers have developed them for potential applications in
various optoelectronic devices such as photovoltaic cells
(9), transistors (10), and light-emitting diodes (11). This
has promoted the synthesis of soluble conjugated polymers
with various substituted side-chains. For example, poly(p-
phenylenevinylene) derivatives are soluble luminescent ma-
terials for use in light-emitting diodes (LEDs) (12-14).

*Address correspondence to: Hung-Te Chang, Department of
Chemical Engineering, Wufeng Institute of Technology, Chia Yi,
Taiwan, ROC. Tel.: +886-5-226 7125 ext. 22354; Fax: +886-5-206
3264; E-mail: cht421@ yahoo.com.tw

Different conjugated polymers exhibit their own electro-
optical properties (15). Even the tetrathiafulvalene (TTF)
dimer with divinylnaphthalene spacer possesses charge
transfer property (16). In this work, we synthesized and
characterized the novel conjugated poly(4,8-dialkoxy-1,5-
naphthalenevinylene)s (OCn-PNVs) with various lengths
of alkoxy side chain via a series of organic chemical re-
actions and the Gilch polymerization method (17). Fur-
thermore, the effects of side chain length on the polymers’
optical and thermal properties are studied.

2 Experimental

2.1 Materials

1,5-dihydroxynaphthalene, 1-bromobutane, 1-bromohe-
xane, 1-bromooctane, 1-bromo dodecane, paraformalde-
hyde, hydrobromic acid (31 wt% in acetic acid), potassium
hydroxide (KOH), tetrabutylammonium bromide (TBAB)
and acetic acid were purchased from Fluka Chemical
(Ronkonkoma, NY). Potassium tert-butoxide (-BuOK)
was purchased from Sigma-Aldrich (Steinheim, Germany).
All the above reagents were synthetic grade and used as re-
ceived. Tetrahydrofuran (THF) was synthetic grade and
purchased from Tokyo Chemical Industry Co. (Tokyo,
Japan), which was dried over sodium and distilled prior
to use.
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Sch. 1. Synthesis route for the monomers and polymers.

2.2 Instruments

NMR spectra were measured by the Bruker Avance DPX-
400 spectrometer (400 MHz). FT-IR spectra were recorded
by the Perkin-Elmer Model Spectrum One spectrometer.
UV-Vis absorption spectra were measured by the Shimadzu
Model UV-160 spectrophotometer with a specimen con-
centration of about 0.11 wt%. Fluorescence spectra were
recorded by the Aminco-Bowman Model Thermo Spec-
tronic Series 2 spectrophotometer with a specimen concen-
tration of about 0.11 wt%. Average molecular weights of
polymers were measured by a gel permeation chromatogra-
pher (GPC) of the Analytical Scientific Instrument Model
500 system. Polystyrene standards were used for molecular
weight calibration and tetrahydrofuran was used as carrier
solvent. Thermal gravimetric analyses were performed on
the Perkin-Elmer Model TGA-7 thermogravimetric ana-
lyzer (TGA) with a heating rate of 10°C/min and under a
nitrogen stream. Prior to the thermal analysis, each speci-
men was subject to a heating scan from room temperature
to 100°C in the TGA furnace to remove any adsorbed mois-
ture.

2.3 Synthesis Process

The synthesis route for the monomers and polymers is illus-
trated in Scheme 1. The monomers were prepared via chem-
ical reactions as alkylation (1) and bisbromomethylation (2)
from the starting material 1,5-dihydroxynaphthalene. Fi-
nally, the conjugated polymer, OCn-PNVs (n =4, 6, 8, 12)
were obtained by a method similar to the Gilch procedure

3).

2.3.1. Alkylation of 1,5-dihydroxynaphthalene

The 1,5-dibutoxynaphthalene (DOC4-N), one representa-
tive of 1,5-dialkoxy naphthalene (DOC,-N,n =4, 6, 8, 12),
was obtained by the following typical procedure. A solution
mixture of 1,5-dihydroxynaphthalene (4.77 g, 29 mmol),

OCpHani1 (n=4,6,8,12)

(©)]
t+-BuOK

Q OCnHZr\M
H2n+1Cno ' \

X

(n=4,6,8,12)

potassium hydroxide (4.18 g, 75 mmol), 25 mL H,O, and
tetra-butyl ammonium bromide (5.73 g, 178 mmol) was
stirred for 15 min. Then butyl bromide (10.33 g, 75 mmol)
was added into the solution mixture. The reaction pro-
ceeded with stirring and heating at 80°C for 22 h. After
the completion of the reaction, the solution was cooled to
room temperature. The precipitated product was filtered,
washed with H,O (2 x 50 ml) and dried under dynamic
vacuum. 'H-NMR and 3C-NMR spectra were used to
confirm the formation of 1,5-dibutoxynaphthalene. The
resonance peaks of 'H-NMR (400 MHz, CDCl3, § ppm)
spectrum are: 7.86 (d, J = 8.4 Hz, 2H); 7.35 (t, ] = 8.0 Hz,
2H); 6.82 (d, J = 7.64 Hz, 2H); 4.13 (t, J = 6.32 Hz, 4H);
1.91 (m, J = 7.0 Hz, 4H); 1.60 (m, J = 7.48 Hz, 4H); 1.03
(t, J = 7.4 Hz, 6H). The resonance peaks of 3C NMR (400
MHz, CDCls, § ppm) spectrum are: 154.7 (Cy, Cs); 126.8
(Co, Cyp); 125.0 (C3, Cy); 114.0 (Cy4, Cg); 105.2 (Cy, C);
67.8 (OCHzCHzCHzCH3); 31.4 (OCHzCHQCHzCH3);
19.5 (OCH,CH,CH,CH3); 13.9 (OCH,CH,CH,CH3).

Similarly, the other three 1,5-dialkoxynaphthalenes, des-
ignated as DOC4-N, DOCg-N and DOC,-N, were obtai-
ned from the reactions between 1,5-dihydroxynaphthalene
and alkyl bromides with alkyl chain lengths of 6, 8 and 12
carbons, respectively. The appearance and yields of all 1,5-
dialkoxynaphthalene are shown in Table 1. 'H-NMR and
BC-NMR spectra of the DOC¢-N, DOCs-N and DOC -
N are similar to those of the DOC4-N except the more
complicated methylene (CH») group signals.

Table 1. The appearance and yields of 1,5-dialkoxynaphthalene

Monomer Appearance Yield (%)
DOC4-N Dark brown solid 90
DOC¢-N Dark brown solid 95
DOCg-N Dark brown solid 90
DOC>-N Dark brown solid 95
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2.3.2. Bis-bromomethylation of 1,5-dialkoxy-naphthalene

1,5-dibutoxy-4,8-bisbromomethylnaphthalene (BBMDO
C4-N) was obtained by the following typical procedure. A 6
mL solution of HBrin acetic acid (31 wt%) was added to the
suspension of 1,5-dibutoxynaphthalene (15.1 mmol) and
paraformaldehyde (0.93 g, 31 mmol) in glacial acetic acid
(50 mL). The mixture was stirred and heated at 50°C for
24 h. After cooling to room temperature, the reaction solu-
tion was poured into 300 mL ice-cold water. The dark green
precipitates were filtered, washed with H,O (2 x 50 mL)
and dried under dynamic vacuum.' H-NMR and *C-NMR
spectra were used to confirm the formation of BBMDOC,-
N. The resonance peaks of 'H-NMR (400 MHz, CDCls,
8 ppm) spectrum are: 7.34 (d, J = 8.2 Hz, 2H); 6.83 (d, J
= 8.16 Hz, 2H); 5.30 (s, 6H); 4.12 (t, J = 6.76 Hz, 4H);
2.02 (m, J = 7.16 Hz, 4H); 1.57 (m, J = 7.56 Hz, 4H);
1.01 (t, J = 7.44 Hz, 6H). The resonance peaks of 3C-
NMR (400 MHz, CDCls, § ppm) spectrum are: 157.1 (Cy,
Cs); 131.3 (Cy, Cy); 126.5 (Co, Cyp); 125.7 (C3, Cq); 106.9
(C,, Cg); 68.8 (OCH,CH,CH,CHj3); 39.0 (CH,Br); 31.0
(OCH,CH,CH,CH3;); 19.6 (OCH,CH,CH,CHj3); 13.8
(OCH,CH,CH,CHj3).

Likewise, the other three 1,5-dialkoxy-4,8-bisbromome-
thylnaphthalenes, designated as BBMDOCs-N. BBMD
OCg-N and BBMDOC/,-N,were obtained from the
reactions among paraformaldehyde, HBr and 1,5-
dialkoxynaphthalenes with alkoxy chain lengths of 6, 8
and 12 carbons, respectively. The appearance and yields
of all 1,5-dialkoxy-4,8-bisbromomethylnaphthalenes are
shown in Table 2. 'H-NMR and 3C-NMR spectra of
the BBMDOCs-N. BBMDOCg-N and BBMDOC,-N are
similar to those of the BBMDOC,-N except the more com-
plicated methylene (CH;) group signals.

2.3.3. Polymerization

A 4.3 mL solution of potassium fert-butoxide in THF
(0.3 M) was slowly syringed into the solution of 4,8-
bisbromomethyl-1,5-dialkoxynaphthalene (1.2 mmol) in
THF (4.3 mL) with stirring, under N, atmosphere and
at room temperature over 10 min. Then another 11.8 mL
solution of potassium fert-butoxide in THF (0.3 M) was
syringed into the solution with stirring, under N, atmo-

Table 2. The appearance and yields of 1,5-dialkoxy-4,8-
bisbromomethylnaphthalene

Monomer Appearance Yield (%)
BBMDOC4-N Dark green solid 78
BBMDOC¢-N Dark green solid 86
BBMDOC;-N Dark green solid 89
BBMDOC;,-N Dark green solid 91

(@Mn: number average molecular weight.
()Mw: weight average molecular weight.
(Dp: degree of polymerization.

Chang and Lee

Table 3. The average molecular weights and yields of OC,-PNVs
(n=4,6,8,12)

Polymer (a) pp,, b, <) Dp () Yield (%)
0OC4-PNV 5472 31655 19 25-34
OCs-PNV 6679 26469 19 19-20
OCs-PNV 8067 23724 20 17-25
OC,-PNV 5302 20131 10 17-20

sphere and at room temperature for 24 h. After the comple-
tion of reaction, the resultant viscous solution was diluted
with 50 mL THF. The precipitates were obtained by adding
130 mL methyl alcohol with stirring overnight. The brown
precipitates were filtered, washed with methyl alcohol (2
x 50 mL) and dried under dynamic vacuum. The average
molecular weights and yields of OC,-PNVs (n = 4, 6, 8§,
12) are shown in Table 3.

3 Results and Discussion

3.1 Structure Analysis of OC,-PNV

Figure 1 shows FT-IR spectra of the OC,-PNV (n = 4,
6, 8, 12). Comparing these spectra, the peak wavenumbers
are invariant with side chain length. However, many peaks
are broadened with a higher n value. This indicates that the
structure is more non-uniform for a polymer with longer
side chain. Thus, the stretching or vibration of a functional
group occurs in a broader wavenumber range (18). The
peak at 3086 cm~! is due to the C-H stretching of aromatic
ring (19). The peaks at 2984 and 2889 cm~! are due to
C-H stretching of the alkyl side chains and those at 1606
and 1525 cm™! are due to the C=C stretching of aromatic
ring (19). The peaks at 1457 and 1388 cm™! are due to the
—CH;- segmental bending of alkyl side chains and the one
at 1273 cm™~! is due to the asymmetric C-O-C bond stretch-
ing (13). The peak at 1198 cm™! is due to the C-H in plane
bending of aromatic ring and the one at 1062 cm~! is due to

1457
a 1198

Transmittance
o

o
O
S

5
z
<

d b:0Cg-PNV
c:0Cg-PNV
d:0Cqp-PNV

r T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Fig. 1. FT-IR spectra of OCn-PNV (n =4, 6, 8, 12).
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Fig. 2. UV-Vis absorption spectra of the OCn-PNV (n =4, 6, 8,
12) in THF (0.11 wt%).

the symmetric C-O-C bond stretching (13). Moreover, the
peak at 956 cm~! is due to the C-H out-of-plane bending of
trans-vinylene unit (19) and the one at 816 cm™' is due to
the C-H out-of-plane bending of aromatic ring. The results
of FT-IR spectra confirm the formation of OC,-PNV.

3.2 Optical Properties of OC,-PNV

Figure 2 shows UV-Vis absorption spectra of the OC,-PNV
(n=4,6, 8, 12) in THF with a concentration of 0.11 wt%.
The absorption peaks for all the OC,-PNVs are broad and
appear mainly in the range of 285-370 nm. These peaks are
associated with the 7 — 7 * transition of conjugated naph-
thalenevinylene segments. On the other hand, the absorp-
tion edges are 531, 522, 506 and 498 nm, respectively for
OCn-PNV with n =4, 6, 8 and 12. The optical or band gap
energy (E, in eV) is described by the following Equations 1
and 2:

he
E=— 1
- (1
leV = 1.602 x 107" Joule )

Where / is the Planck constant (6.63 x 10734 Joule-s), ¢ is
the light velocity (3 x 10® m/s), and A is the wavelength of
absorption threshold. Using the value of absorption edge
or threshold (1) 531, 522, 506 and 498 nm, respectively, we
deduce the band gaps for OCn-PNV (n = 4, 6, 8, 12) as
2.33, 2.37, 2.45 and 2.49 eV. The longer side chain length
is, the higher band gap of OCn-PNV. The reason is that the
easier entanglement of the longer side chains causes more
distortion of the conjugated main chains and thereby raises
the band gap of the polymer. Furthermore, the values of
band gaps of these four polymers are higher than that of
dialkoxy substituted PPV (2.1 ¢V) (20). This phenomenon
indicates a distortion of the conjugated structure of OCn-
PNYV and an increase of the band gap.

Figure 3 shows photoluminescence (PL) emission spec-
tra of the solutions (0.11 wt%) of OC4-PNV, OCs—PNYV,
OCg-PNV and OC,—PNYV in THF with an excitation wave-

725

a:0C-PNV
b:0C-PNV
c:OC-PNV

PL Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

Fig. 3. Photoluminescence spectra of the OCn-PNV (n =4, 6, 8,
12) in THF (0.11 wt%) with an excitation wavelength of 320 nm.

length of 320 nm. The emission peaks (Amax) are at 555,
553, 543 and 534 nm for OC4-PNV, OC¢-PNYV, OCg-PNV
and OC,—PNYV, respectively. The polymer with longer side
chains exhibits lower Ay, in its PL emission spectrum. This
is probably due to the entanglement of long side chains
that causes distortion of the conjugated main chains and
thereby raises band gap energy of the polymer. The poly-
mer with higher band gap energy would have lower Ay, in
its PL emission spectrum. Therefore, the length of alkoxy
side chains influences the conformation and conjugation
length of the polymer.

Figure 4 shows PL emission spectra of the OC4-PNYV,
OC¢—PNYV, OCg-PNV and OC,—-PNYV films with an exci-
tation wavelength of 320 nm. The emission peaks (Amax)
are at 614, 567, 566 and 556 nm for OC4-PNV, OC4—PNYV,
OC;-PNV and OC»,-PNYV, respectively. The polymer with
longer side chains in the film state also exhibits lower Apax
in its PL emission spectrum as the aforementioned result in
solution state. Comparing Figure 3 with Figure 4, the emis-
sion peak (614 nm) of OC4-PNYV in film state shows a 59 nm
red-shift relative to that (555 nm) in dilute solution state.
The red-shift may be due to the changing of conjugated

aOC-PNV
060 b:0C-PNV
[ ¢:0OC-PNV
= 8
s d:0C ,-PNV
0454 d
Z
72}
=
9}
e 0304
— b
oy
0.154 a
— 7T T
400 500 600 700 800

Wavelength (nm)

Fig. 4. Photoluminescence spectra of the OCn-PNV (n =4, 6, 8,
12) films with an excitation wavelength of 320 nm.
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Fig. 5. TGA thermograms of OC,—-PNV (n =4, 6, §, 12).

main chains from the coiled conformation in solution state
to extended conformation in aggregated solid state and
thereby the lower band gap energy in film state. The other
three polymers also exhibit the same solvatochromic effect.
The red-shift of the PL emission peaks are 14, 23, and 22
nm for OC¢-PNV, OCg-PNV and OC,,-PNYV, respectively,
when changing the polymer from solution to film state.

3.3 Thermal Stability of OC,-PNV

Figure 5 shows TGA results of the OC,-PNV (n =4, 6, 8§,
12). There are no appreciable weight losses below 200°C
for these four polymers. The weight losses begin to in-
crease pronouncedly at 250°C, at which the decomposition
of alkoxy side chains starts to occur. The weight losses of
0OC4-PNYV, OC4-PNV, OCs-PNYV, and OC,-PNV are 10.8
wt%, 10.9 wt%, 16.7 wt%, and 24.2 wt%, respectively, as
the temperature increases to 300°C. The weight loss above
400°C is due to the decomposition of the rigid and con-
jugated main chains as that of poly(p-phenylenevinylene)
derivatives (21). The more pronounced weight loss of poly-
mer with longer side chains than that with shorter side
chains above 250°C is due to the easier decomposition
of the alkoxy side chains than the rigid main chains.
Thus, the polymer with shorter side chains is more ther-
mally stable than that with longer side chains. OC4-PNV
is the most thermally stable compound among these four
polymers.

4 Conclusions

Starting from 1,5-dihydroxynaphthalene, new poly(4,8-
dialkoxy-1,5-naphthalenevinylene)s (OC,-PNV, n = 4, 6,
8, and 12) had been successfully synthesized via sequential
organic reactions as alkylation of 1,5-dihydroxynaphtha-
lene, bis-bromomethylation of 1,5-dialkoxy-naphthalene

Chang and Lee

and dehydrohalogenation of 1,5-dialkoxy-4,8-bisbromo-
methylnaphthalene. The 7 — 7 * transition energy of naph-
thalene vinylene segments in the polymer is invariant with
the side chain length. Meanwhile, the band gaps of OCy-
PNV, OC¢—PNYV, OCg-PNV and OC1,-PNV are 2.33,2.37,
2.45 and 2.49 eV, respectively. The PL Ay.i’s of these four
polymers in film state are red-shifted by 14 — 59 nm as
compared to those in solution state. The red-shift is due to
the less coiled conformation of the conjugated main chains
and thereby the lower band gap in film state. Moreover, the
polymer with shorter side chains is more thermally stable
than that with longer side chains.
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