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Chlorine precursor route to poly(2-phenoxyp-phenylene vinylene):
synthesis and characterization
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Abstract

A new PPV derivative, poly(2-phenoxyp-phenylene vinylene)(PO-PPV), has been synthesized via the chlorine precursor route (CPR).
PO-PPV and its chlorine precursor polymer were fully characterized by thermal (TGA and DSC), mechanical and spectroscopic (UV–vis,
PL and IR) methods. The results indicate that the precursor polmer and the yellow-green light-emitting PO-PPV have excellent stability and
mechanical properties. The easily processible precursor is stable at room temperature and therefore has a better shelf-life than PPV synthesized
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ia the sulfonium precursor route. Thermal conversion provides high quality films, relatively free of oxidative defects.
2004 Elsevier B.V. All rights reserved.

eywords:PO-PPV; Poly(2-phenoxyp-phenylene vinylene); PPV derivative; Chlorine precursor route; Photoluminescence; Thermal analysis; FT-IR

. Introduction

Conjugated conducting polymers are distinguished
rom other electroactive polymers by their intrinsic semi-
onductivity, independent of solvation or a conducting
ller, and inherent to their extended conjugation along the
olymer backbone. These polymers are unique, in that
ear-metallic conductivity can be induced by doping with
xidative or reductive agents. The unique properties of
onducting polymers are directly related to their delocalized
lectronic structure. The first twenty years of research on
onducting polymers were focused on achieving maximum
onductivities through doping. This focus shifted in 1990
hen the discovery of electroluminescence in a conducting
olymer was reported in poly(p-phenylene vinylene) (PPV)
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[1]. Subsequent research revealed that the attachme
various substituents to the conjugated backbone altere
electronic structure of the polymer and therefore alt
the emission wavelength. This provided the ability to t
the light-emitting properties of the polymer by chang
the molecular structure. Such an approach has led t
synthesis of numerous PPV derivatives, which have
investigated extensively for their potential use in optoe
tronic devices,[2] particularly organic light emitting diode
(OLED’s).

An OLED is fabricated by sandwiching the polym
between a high work function and low work functi
electrode[3]. A potential is then applied across the polym
resulting in the injection of electrons from the low wo
function cathode into the LUMO, and the injection
positive holes from the high work function anode i
the HOMO. The opposite charges combine within
polymer to formexcitonsthat radiatively decay, emittin
a photon. PPV and PPV derivatives are among the
promising optoelectronic materials, though problems
processing, stability and quantum efficiency must be o
2 Nukote International Inc., 1227 Ridgeway Avenue, Rochester, NY

4615, USA. come.
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Due to their insolubility, PPV’s are commonly synthesized
via precursor routes[4]. A variety of routes have been devel-
oped, involving a processible precursor polymer which can
be thermally converted to the conjugated PPV product after
processing[5]. The chlorine precursor route (CPR), first de-
veloped by Swatos and Gordon[6] and later modified by
Hsieh, [7,8] has proven useful in the synthesis of pheny-
lated PPV’s. A number of PPV’s with bulky substituents have
been reportedly synthesized via the CPR[9]. The CPR yields
a high molecular weight precursor polymer, generally solu-
ble in organic solvents. Thermal conversion under a reduc-
ing atmosphere is not necessary to obtain PPV’s relatively
free of oxidative defects, making this route ideal for opto-
electronic applications[6]. Oxidative defects quench lumi-
nescence and result in lower quantum efficiencies. We report
here the complete synthesis of a new PPV derivative, poly(2-
phenoxyp-phenylene vinylene)(PO-PPV) via the chlorine
precursor route. We have previously reported some of the
optoelectronic properties of this polymer that were investi-
gated using dynamic infrared spectroscopy; the ring stretches
associated with the backbone phenylene were distinguished
from the ring stretches of the phenoxy substituent[10]. Co-
hesive free-standing films of PO-PPV can be prepared. The
thermal (TGA and DSC), mechanical and optical (UV–vis,
photoluminescence, FT-IR) properties of PO-PPV are pre-
s
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detailed below (2). The monomer was polymerized to yield
the precursor polymer (3) (Fig. 1).

2.1. Synthesis of
2-phenoxy-1,4-bis(hydroxymethyl)benzene (1)

2-Phenoxyterephthalic acid[11] (15.6 g, 0.06 mol) was
placed in a 1 l three-neck round bottom flask equipped with a
condenser, mechanical stirrer, an addition funnel and a nitro-
gen inlet. THF (180 ml) was added to the acid to give a solu-
tion. 1.0 M LiAlH4 in THF (270 ml) was transferred into the
addition funnel and added at a moderate rate to the solution.
The resulting mixture was stirred for 20 h and then quenched
by drop wise addition of water (25 ml). This was followed
by addition of 16% NaOH (60 ml). The white precipitate was
removed by suction filtration and washed with chloroform
(200 ml). The filtrate was extracted with ether (3× 150 ml).
The organic phase was allowed to stand overnight in a sep-
aratory funnel to ensure complete water separation, poured
through a folded filter paper into a 1 l round bottom flask and
concentrated to give a white solid. This was air dried to give
12.0 g (87%) of crude (1) as an off-white powder. This was
used without further purification in the next step because it
showed the expected clean1H NMR (CDCl3): � 7.42 (d, 1H),
7.35 (t, 2H), 7.10 (m, 2H), 6.96 (d, 2H), 6.86 (s, 1H), 4.72 (s,
2H). 4.60 (s, 2H).
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. Experimental

The synthesis of the monomer, 2-phenoxy-
is(chloromethyl)benzene (2), was performed in
teps, as shown inFig. 1. The first step involved th
eduction of 2-phenoxyterephthalic acid to yield 2-pheno
,4-bis(hydroxymethyl)benzene (1); in the second step
as treated with thionyl chloride to produce the monome

Fig. 1. The synthesis of po
.2. Synthesis of
-phenoxy-1,4-bis(chloromethyl)benzene (2)

To a mixture of crude (1) (9.2 g), methylene chlor
100 ml), and SOCl2 (12.0 g), three drops of pyridine w
dded. The resulting mixture was refluxed overnight

hen concentrated in vacuo to give a light yellow oil. T
as vacuum distilled to give (2) as a light yellow

140–141◦C/0.1 mmHg):1H NMR (CDCl3): � 7.44 (d, 1H)
.34 (t, 2H), 7.12 (t, 2H), 7.00 (d, 2H), 6.86 (s, 1H), 4

enoxyp-phenylene vinylene).
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(s, 2H), 4.45 (s, 2H); Anal. Calcd. for C14H12Cl2O: C,
62.92; H, 4.49; Cl, 26.59. Found: C, 62.82; H, 4.64; Cl,
26.62.

2.3. Synthesis of 2-phenoxy p-phenylenevinylene
precursor polymer (3)

Into a 500 ml three neck round bottom flask equipped
with a magnetic stirrer, an addition funnel and a nitrogen in-
let was added (2) (4.0 g, 0.015 mol) and THF (150 ml). Into
the addition funnel was added 1.0 Mt-BuOK/THF (15 ml,
0.015 mol). This was added rapidly into the (2)/THF solu-
tion. Polymerization took place quickly with the formation
of small amount of light orange gel and continued for 2 h.
The gel was removed with a spatula and the reaction mixture
was poured gradually into stirring methanol (600 ml). The
precipitated fibril material was collected by suction filtration
and washed with methanol and air dried to give 1.9 g (55%)
of (3) as pale yellow fibers. Elemental analysis showed C,
74.10; H, 5.20; Cl, 12.95. This is close to that for a mate-
rial with 18% conversion: C, 75.02; H, 4.83; Cl, 13.00. The
GPCMw, Mn andMw/Mn were 660,000, 134,000 and 4.9,
respectively.

2.4. Preparation of free-standing polymer films
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glycine sulfate (DTGS) detector with a low-energy spectral
limit of 400 cm−1.

2.5.2. Differential scanning calorimetry (DSC)
Differential scanning calorimetry was performed on PO-

PPV and PO-PPV precursor pellets using a DSC 2920 (TA
Instruments, New Castle, DE). Thermal analyses were per-
formed under an inert atmosphere of nitrogen. In order to
minimize thermal lag, samples were <5 mg in size. Poly-
mer samples were hermetically sealed in aluminum pans and
heated at a rate of 10◦C/min from ambient temperature to
300◦C.

2.5.3. Dynamic mechanical analysis
The mechanical properties of PO-PPV and the precur-

sor polymer were analyzed with a dynamic mechanical an-
alyzer (DMA) 2980, (TA Instruments, New Castle, DE),
equipped with a film tension clamp. Film samples were
approximately 12 mm× 7 mm× 0.02 mm in size. A sample
modulation frequency of 16 Hz, amplitude of 25�m, heating
rate of 1◦C/min, and temperature range of 25–140◦C were
used.

2.5.4. X-ray diffraction
The crystallinity of PO-PPV films were measured using
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Free-standing films of the PO-PPV precursor and
PV were obtained in varying thicknesses by the follow
ethod. PO-PPV precursor films were cast on a Teflon

trate from a 0.35 w/v % chloroform solution. Thermal c
ersion of these films under an inert atmosphere at 280◦C for
h yielded high-quality free-standing PO-PPV films. F
tanding films were used in the following analyses: X
iffraction, differential scanning calorimetry (DSC), pho

uminescent (PL) spectroscopy, dynamic mechanical a
is (DMA) and infrared (IR) spectroscopy. Additional sam
reparation unique to each technique is mentioned whe
vant.

.5. Instrumentation

.5.1. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of the PO-PPV precursor

erformed using a TGA 2050 (TA Instruments, New Ca
E). The samples were heated from ambient tempera

hrough complete thermal conversion, to 325◦C. Heating
ates of 2, 3, 5, 7, and 9◦C/min were used. The PO-PP
recursor polymer was compacted into pellet form. In o

o minimize thermal lag, samples were <5 mg in size.
etic studies on the experimental data were performed
TGA kinetics program (Thermal Specialty Library, Vers
.00F, TA Instruments).

Evolved gases were analyzed by coupling the TGA, v
eated transfer line, to a FTS 6000 FT-IR spectrometer (

lab USA, Randolph, MA). The spectrometer was equip
ith a gas cell fitted with ZnSe windows and a deuterate
Rigaku D/M-2200T X-Ray Diffractometer. An operat
ower of 40 k/40 mA, step size of 0.02 in 2θ and a scan ra
f 1.7◦/min were used.

.5.5. Ultraviolet–visible spectroscopy (UV–vis)
Absorption spectra of thin PO-PPV and PO-PPV

ursor films were obtained in the ultraviolet–visible reg
200–800 nm). Optically thin films of the PO-PPV precur
ere cast from a 0.35 w/v% chloroform solution onto 330

hick circular (1 in. diameter) quartz plates. Films were t
ally converted to PO-PPV and final thicknesses were
roximately 5–10�m. Data collection was performed on
lms before and after thermal conversion using a Varian-C
E UV–vis–NIR spectrophotometer. A spectral resolutio
nm was achieved at a scan rate of 100 nm/min.

.5.6. Photoluminescent spectroscopy (PL)
The luminescent properties of PO-PPV film were reco

sing a fluorescence spectrophotometer (Eclipse S
arian-Cary). Film thickness was approximately 15�m. The
ample was irradiated at a 45◦ angle of incidence. A
xcitation wavelength of∼434 nm was used, and the
ion 460–700 nm was scanned for emission at a ra
00 nm/min. Both the excitation and emission slit wid
ere 5 nm.

.5.7. Fourier transform infrared spectroscopy (FT-IR)

.5.7.1. Transmission infrared.Measurements were pe
ormed on free-standing films of PO-PPV and the PO-P
recursor. A Bio-Rad FTS 6000 FT-IR spectrometer (Dig
SA, Randolph, MA) in rapid scan mode was used to co
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data. A spectral resolution of 4 cm−1 and a deuterated tri-
glycine sulfate (DTGS) detector with a low-energy spectral
limit of 400 cm−1 was used for all infrared studies.

2.5.7.2. In situ transmission infrared.Studies of the ther-
mal conversion from PO-PPV precursor to PO-PPV (Fig. 1)
were performed in the FTS 6000 spectrometer using a heated
cell (HTC 100, Harrick Scientific, Ossining, NY). The KBr
cell windows were water-cooled using a re-circulating chiller
(1013S, Fisher Scientific). The temperature of the cell was
controlled with an automatic temperature feedback controller
(AT-30D, Harrick Scientific). Films of the precursor polymer,
approximately 10–20�m in thickness, were heated in the in
situ cell at a rate of 5◦C/min from ambient temperature to
300◦C while spectral changes were monitored.

2.6. Density functional theory (DFT) calculations

The infrared spectra of both PO-PPV and its precur-
sor polymer were calculated by Dr. Paul Maslen, Rutgers
University. In both cases a six-monomer ring was used to
model an extended polymer chain. Structure optimization
and frequency calculations were performed using Q-Chem
2.0, [12] an electronic structure program package. A Gauss
View graphics package was used to visualize the results. The
B ,
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l
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followed by treatment with thionyl chloride to produce (2).
Polymerization was induced by treatment with 1.0 equiv.
of potassiumtert-butoxide to yield the phenoxy precursor
polymer (3). The precursor polymer was found to have a
Mw of 660,000, aMn of 134,000 and a molecular weight
distribution (Mw/Mn) of 4.9. Elemental analysis indicated
18% conversion based on the chlorine content. The chlorine
precursor polymer was readily soluble in chloroform.

3.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to monitor
the weight loss during thermal conversion of the PO-PPV pre-
cursor to PO-PPV under an inert atmosphere of nitrogen gas.
Conversion occurs as a�-dehydrohalogenation involving the
loss of HCl (Fig. 1). As shown by the thermogravimetric
curve inFig. 2, the PO-PPV precursor undergoes approxi-
mately 13% weight loss via a single step. This corresponds
to the loss of HCl from the PO-PPV precursor (18% converted
as shown by elemental analysis), which would theoretically
result in a weight loss of 13.3%. A theoretical weight loss of
15.8% would be expected for a pure precursor. Thermal con-
version is complete at approximately 300◦C. PO-PPV shows
thermal stability up to 325◦C. The analysis of evolved gases
and the Gram–Schmidt chromatogram included inFig. 2will
b
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v PV
p em-
p tive
t sta-
b ate
i and
p ki-
n , have
b n
e oints

F h respe of evolved
H m room
ecke’s three-parameter exchange functional[13] was used
n combination with the Lee–Yang–Parr correlation fu
ional [14] (B3LYP) and 3–21G basis set, for both cal
ations.

. Results and discussion

.1. Synthesis

The synthesis of the monomer, 2-phenoxy-
is(chloromethyl)benzene (2), was performed in two s
s shown inFig. 1. The reduction of 2-phenoxyterephtha
cid with lithium aluminum hydride to yield (1) wa

ig. 2. TGA curve (smooth solid line), the DTGA (weight change wit
Cl (noisy bold line) during heating of PO-PPV precursor polymer fro
e discussed (vide infra).
The stability of the PO-PPV precursor is of interest

number of PPV and PPV derivative precursors are u
le and must be stored at sub-ambient temperatures t
ent conversion. The particularly unstable sulfonium P
recursor has a half-life of only a few days at room t
erature.[15] The xanthate PPV precursor is stable, rela

o the sulfonium precursor, but experiences long-term in
ility. Thermogravimetric data can be used to approxim

mportant kinetic parameters such as activation energy
recursor half-life. The details of this thermogravimetric
etics approach, based on the Arrhenius rate equation
een discussed elsewhere.[16,17]The calculated activatio
nergies and 60 min half-life temperatures at various p

ct to temperature) (dashed line) and Gram–Schmidt chromatogram
temperature to∼300 C.
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Table 1
Kinetic values for the PO-PPV precursor

Conversion
(%)

Activation
energy
(kJ/mol)

60 min half-life
temperature (◦C)

1 112.2 164.8
2 117.4 165.4
5 111.4 167.8

10 115.0 169.6
15 117.8 171.6
20 119.9 173.4
25 121.5 175.0

of thermal conversion are listed inTable 1[18]. Although
small conversion levels such as 1% and 2% often involve
some initial volatilization of solvent or moisture, as shown
in Table 1, the values are fairly consistent across the range of
conversion levels. This indicates that the same mechanism of
elimination is occurring throughout the thermal elimination.
The kinetic parameters at a conversion level of 5% can be
chosen as representative of the PO-PPV precursor. Extrapo-
lation of the 60 min half-life temperature at 5% provides a
room temperature half-life of hundreds of years, indicating
long-term stability and an extended shelf-life.

3.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed
on both the PO-PPV precursor and PO-PPV. TheTg is ob-
served experimentally with DSC as an endothermic step. The
DSC plots of PO-PPV and the PO-PPV precursor are not
shown. The DSC results indicate that the PO-PPV and its
precursor exhibitTg’s at 123◦C and 59◦C, respectively. The
Tg of PO-PPV is significantly lower than that reported for
PPV: (∼370◦C)[19] or (∼220◦C)[20] depending on synthe-
sis and thermal conversion conditions. In contrast, theTg for
MEH-PPV is much lower,∼65◦C [21]. The glass transition
temperatures for PO-PPV precursor and PO-PPV have been
s -
P 0
c loss
o ex-
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c PO-
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a PO-
P

3
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p
n hibits
a aller
t The
s )

is comparable to that reported for polyaniline (∼2.5 GPa)[22]
and higher than that of PPV (∼1.8 GPa)[23] and polypyrrole
(∼0.5 GPa)[24]. The tanδ values for PO-PPV and the PO-
PPV precursor at room temperature are 0.02 and 0.06 radians,
respectively. As mentioned previously, the glass transition
values determined by DSC are supported by peaks in tanδ

at 57◦C and 128◦C, respectively. In the case of both PO-
PPV and the PO-PPV precursor, the glass transition is ac-
companied by a complete loss of storage modulus, indicat-
ing a totally amorphous polymer. Crystalline regions within a
non-amorphous polymer prevent the complete loss of storage
modulus.

3.5. X-ray diffraction

X-ray analysis revealed that PO-PPV was completely
amorphous. No diffraction peaks were observed, even after
conversion at 280◦C for 2 h. Amorphous PPV, achieved by
the introduction ofcis-linkages, has been shown to have more
favorable electroluminescence than crystalline PPV[25]. The
presence/absence ofcis-linkages in PO-PPV could not be
confirmed by FT-IR (vide infra). Disruption of crystalline
packing is likely caused by the pendant phenoxy group.

3.6. Ultraviolet–visible spectroscopy

cur-
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s mi-
n
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t -ray
d lated
f
p orted

F pho-
t

upported by dynamic mechanical analysis[10]. The PO
PV precursor also exhibits a strong endotherm at 21◦C,
orresponding to the temperature of maximum weight
bserved by TGA. An enthalpy change such as this is
ected as dehydrochlorination is occurring during the
onversion. No endotherm is present in the DSC plot of
PV indicating that thermal conversion is complete. It sh
lso be noted that no melting transition is observed in
PV before thermal decomposition (∼325◦C).

.4. Dynamic mechanical analysis

The mechanical properties of PO-PPV and the PO-
recursor have been reported in detail elsewhere[10]. Dy-
amic mechanical studies have shown that PO-PPV ex
higher storage modulus, lower loss modulus and sm

anδ at room temperature than the PO-PPV precursor.
torage modulus of PO-PPV at room temperature (∼2.4 GPa
The UV–vis spectra for PO-PPV and the PO-PPV pre
or (thin lines) are shown inFig. 3. This region of the elec
romagnetic spectrum is energetically sufficient to prom
lectronic transitions from the valence to conduction ba
esulting in a broad�–�* transition absorption in the UV–v
pectrum for the conjugated polymer, PO-PPV. This pro
ent absorption is observed in PO-PPV (Fig. 3, thin line)
ith aλmax, absat 434 nm. The absence of any vibronic str

ure indicates an amorphous polymer and supports the X
ata. An experimental band gap of 2.40 eV can be calcu

rom the low energy absorption edge of the�–�* transition
eak. This value is approximately the same as that rep

ig. 3. UV–vis spectra of PO-PPV precursor, PO-PPV (thin lines) and
oluminescence spectrum (thick line) of PO-PPV excited at 434 nm.
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for PPV synthesized via the Wessling precursor route[26].
While the band gap of PO-PPV would be expected to shift
relative to PPV, due to the electron-donating phenoxy sub-
stituent, additional factors such as conjugation length and
molecular weight also influence the resulting band gap.

3.7. Photoluminescent spectroscopy

The photoluminescent spectra of PO-PPV is shown in
Fig. 3(thick line). The�–�* λmax, absat 434 nm in the UV–vis
spectrum was chosen as the excitation wavelength. PO-PPV
exhibits a strongλmax, emat 560 nm and is therefore, a yellow-
green light-emitting PPV. While this wavelength of emission
is not unique among PPV’s, the processibility of the PO-PPV
precursor and low defect nature of PO-PPV may prove use-
ful in opto-electronic applications. X-ray analysis, UV–vis
spectra and dynamic mechanical analysis have indicated that
PO-PPV is an amorphous polymer. This disorder is expected
to result in a high PL quantum efficiency, as it has been shown
that close-packing of conjugated polymers results in self-
quenching[27].

3.8. Fourier transform infrared spectroscopy (FT-IR)

3.8.1. Evolved gas analysis
GA)

v mal
e ec-
t e
p bra-
t e ther-
m t
c red
f
T in-
f seen
t or-
r ).

F PV
p

Fig. 5. The infrared absorbance spectra of PO-PPV precursor (upper) and
the PO-PPV (lower) in the 4000–400 cm−1 region.

3.8.2. Identification of characteristic infrared
vibrational modes

The infrared absorbance spectra of both PO-PPV and the
PO-PPV precursor in the 4000–400 cm−1 region are shown
in Fig. 5. The 2000–400 cm−1 region of each plot has been
expanded by a factor of two relative to the 4000–2000 cm−1

region. The infrared vibrational modes of PO-PPV are dis-
cussed and identified here. Assignments are made based
on the following: previously identified vibrational modes of
PPV, [28] characteristic group frequencies in the literature,
[29] density functional theory IR spectra calculations, spec-
tral changes observed during in situ analysis of the thermal
elimination reaction and dynamic infrared studies.[10] The
assignments for PO-PPV, made in this study, are listed in
Table 2along with the vibrational modes of PPV obtained
from the literature.[28] The band assignments for PPV have
been well established and have proven beneficial in the iden-
tification of the vibrational spectra of PO-PPV.

Density functional theory (DFT) infrared spectral calcu-
lations for both PO-PPV and its precursor were performed to
support the assignments of infrared normal modes. A list of
characteristic vibrational frequencies with relative intensities
was generated for each polymer. The calculated frequencies
provide strong support in the identification of the infrared
vibrational bands. All theoretical frequencies were higher in
e nd a
s in
a xper-
i
a ec-
t ilar
m ula-
t ions
i of a
FT-IR analysis of the evolved gases during heating (T
erifies that HCl is lost from the precursor during ther
limination. The characteristic vibrational–rotational sp

rum of HCl shown inFig. 4 is prominent throughout th
eriod of weight loss. No other characteristic infrared vi

ional modes are observed. This is expected based on th
al elimination reaction shown inFig. 1. A Gram–Schmid

hromatogram for the HCl vibrational–rotational infra
eature ofFig. 4 is displayed as the bold solid line inFig. 2.
he chromatogram plots the intensity of this particular

rared feature with respect to temperature. It can be
hat the maximum of HCl elimination (chromatogram) c
esponds with the point of maximum weight loss (DTGA

ig. 4. Vibrational–rotational spectrum of HCl eliminated from the PO-P
recursor during thermal conversion.
nergy than their corresponding experimental bands, a
hift of approximately−50 cm−1 was necessary to obta
n acceptable match. The theoretical (histogram) and e

mental spectra for PO-PPV in the 1700–500 cm−1 regions
re overlaid inFig. 6. The theoretical and experimental sp

ra for the PO-PPV precursor (not shown) exhibit a sim
atch. Factors which limited the accuracy of these calc

ions include: the neglect of anharmonicity, approximat
nherent in the basis set and B3LYP functional, the use
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Table 2
Comparison of experimental infrared vibrational frequencies and assignments for PPV[28] and PO-PPV

Assignment PPV (cm−1) PO-PPV (cm−1)

Aromatic C H str. 3076(w), 3047(w) –
Trans-vinylene C H str. and/or aromatic CH str. – 3067(w)
Trans-vinylene C H str. 3024(s) 3030(w)
Aliphatic C H str. 2950(w), 2920(w), 2852(w) 2956(w), 2928(w), 2860(w)
C O str. 1696(w) –
C–C ring str. (‘quadrant’) 1594(w) –
C–C ring str. (‘semi-circle’) 1519(vs), 1424(m) –
C–C ring str. (origin unknown) 1336(m) 1590(s), 1549(m), 1339(m)
C–C ring str. (backbone) – 1504(m)* , 1421(s)*

C–C ring str. (backbone and phenoxy) – 1488(vs)*

C–O–C str. – 1235(vs)* , 1210(vs)* , 1162(s)
p-phenylene C H in-plane bend 1267(w), 1176(w), 1108(m), 1013(w) –
Vinylene C H in-plane bend 1210(w) –
C H in-plane bend – 1098(m), 1069(w), 1021(w)
Trans-vinylene C H out-of-plane bend 965(vs) 958(s)
p-phenylene C H out-of-plane bend 837(vs), 556(s) –
C H out-of-plane bend – 885(m), 843(m), 816(m)
Origin unknown 784(s) –
Phenoxy C H out-of-plane bend – 750(s)* , 690(s)*

∗ Assignments supported by dynamic infrared spectroscopy.

six-monomer ring to simulate an extended polymer and as-
sumptions regarding the molecular geometry and polymer
tacticity.

In situ infrared spectroscopy is used to follow spectral
changes which occur during thermal conversion. The rel-
atively few frequency shifts/intensity changes which were
observed during the conversion of the PO-PPV precursor to
PO-PPV are highlighted inFig. 7a–d. The arrows indicate the
direction of relative intensity increase or decrease on conver-
sion from PO-PPV precursor to PO-PPV. These changes pro-
vide additional support in the identification of the vibrational
modes and will be discussed below.

Dynamic infrared spectroscopy studies have been per-
formed on PO-PPV and the PO-PPV precursor and reported
elsewhere.[10] Assignments which are supported by these
dynamic studies are discussed briefly and are indicated in
Table 2. These assignments have been made based on a spec-
troscopic response to an applied perturbation.

F f PO-
P

3.8.3. Hydrocarbon region 3200–2800 cm−1

Three types of CH stretches occur in the hydrocarbon
region (3200–2800 cm−1): aromatic, vinylene, and aliphatic.
The infrared absorbance spectra of PO-PPV and PPV in this
region are displayed inFig. 8. The following C H stretches
occur in this region in decreasing energy: aromatic, vinylene
and aliphatic. Overlaid in situ spectra of the PO-PPV pre-
cursor in this region at various points of thermal conversion
to PO-PPV are shown inFig. 7a. It is apparent that peaks at
3067 and 3030 cm−1 increase significantly in intensity, while
the intensities of vibrations at 2956 and 2928 cm−1 decrease
modestly. A strong peak at 3024 cm−1 in the PPV spectra
has been identified as thetrans-vinylene C H stretch and
this mode is likely responsible for the peak at 3030 cm−1

in the PO-PPV precursor (Fig. 8). It may seem unusual that
the increase in intensity is less than expected (Fig. 7a). This
can be explained by the fact that the precursor polymer ex-
hibits 18% conversion before thermal conversion to PO-PPV.
Aromatic C H stretches are very weak in the spectrum of
PPV (Fig. 8). The presence of the aromatic phenoxy sub-
stituent in PO-PPV is expected to complicate the aromatic
C H region with respect to the spectrum of PPV. The peak
at 3067 cm−1, which is not present in PPV, is likely associ-
ated with aromatic CH stretching associated with the phe-
noxy substituent. However, it undergoes a strong increase
i t
3 y-
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n intensity along with thetrans-vinylene C H stretch a
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ene and phenoxy CH stretching is supported by the DF
esults. While calculated vibrational frequencies in the
rocarbon region (not shown) of PO-PPV do not provid
xact match with the experimental spectra, they do su
ll assignments in this region. Two vibrations at 2956
928 cm−1 decrease in intensity during thermal convers
Fig. 7a), while the peak at 2860 cm−1 remains relativel
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Fig. 7. In situ spectra of the PO-PPV precursor undergoing thermal conversion to PO-PPV in the regions: (a) 3200–2800 cm−1, (b) 1625–1510 cm−1, (c)
1300–1175 cm−1, (d) 1040–860 cm−1.

unchanged. These vibrations can be confidently labeled as
aliphatic C H stretches. Theoretically, these stretches would
be absent in a fully conjugated polymer. They are also present
to a small extent in PPV, where they have been labeled as
aliphatic C H stretches (Table 2) and are most likely due to
polymer endgroups.

Fig. 8. The infrared absorbance spectra of PO-PPV (thick, peaks labeled)
and PPV (thin, no peak labels) in the 3200–2800 cm−1 region.

3.8.4. Fingerprint region: 1700–600 cm−1

The infrared absorbance spectra of PO-PPV and PPV over
the entire fingerprint region (1700–600 cm−1) are overlaid in
Fig. 9. Oxidative degradation in PPV leads to the appearance
of a C O stretching peak around 1690 cm−1. It is important
to note that there is no CO stretch in the PO-PPV spectra. As

Fig. 9. The infrared absorbance spectra of PO-PPV (thick, peaks labeled)
and PPV (thin, no peak labels) in the 1700–600 cm−1 region.
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expected of a polymer synthesized via the chlorine precursor
route, the formation of carbonyl moieties is not a problem
during conversion.

As supported by the PPV assignments inTable 2, the ma-
jority of vibrational bands within the higher energy half of
the fingerprint region (1700–1000 cm−1) are due to aromatic
ring stretches and various CH in-plane bends. The region
1650–1300 cm−1 is primarily associated with aromatic ring
stretches. The three peaks at 1590, 1488, and 1421 cm−1 in
the PO-PPV spectra (Fig. 9) can be correlated with the ring
stretches at 1594, 1519, and 1424 cm−1 observed in PPV.
As shown inTable 2, the peaks in PPV correspond with
‘quadrant’ ring stretch (1594 cm−1) and ‘semi-circle’ ring
stretches (1519 and 1424 cm−1). These specific assignments
are not supported in the case of PO-PPV; however, some dif-
ferentiation between backbone and phenoxy ring stretches
has been reported based on the previously mentioned dy-
namic studies.[10] Based on their dynamic response to a
mechanical perturbation, peaks at 1504 and 1421 cm−1 have
been shown to be associated with the backbone aromatic ring.
Similarly, the peak at 1488 cm−1 has been shown to be asso-
ciated with both the backbone and phenoxy substituent. The
peak at 1339 cm−1 in PO-PPV is present in the PPV spectrum
at 1336 cm−1 and is identified simply as a ring stretch. The
peak at 1549 cm−1, not present in PPV, also falls within this
r rtion
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C H and ring out-of-plane bends. Both the PPV and PO-
PPV spectra have an intense peak at∼960 cm−1, which has
been assigned totrans-vinylene C H out-of-plane bend. As
would be expected, this mode increases in intensity during
thermal conversion, as seen inFig. 7d. DFT results for PO-
PPV point to a definitetrans-vinylene C H out-of-plane bend
corresponding with this peak. The only other significant spec-
tral change that occurs in this region is the disappearance of
a peak at 920 cm−1. The vibrational mode expected to de-
crease in intensity is the C–Cl stretch; however, the normal
range for this vibration is 850–500 cm−1. Dynamic infrared
studies and DFT calculations do not provide any additional
information, so the origin of this vibration is left unspecified.
If the C–Cl stretch is indeed at lower energy, its intensity is
obscured by a number of CH and ring out-of-plane bends in
that region. The PPV spectrum (Fig. 9) exhibits three major
peaks at 837, 784, and 556 cm−1, assigned as ap-phenylene
C H out of plane bend, origin unknown, and ap-phenylene
out of plane ring bend, respectively. None of the remaining
peaks in this region of the PO-PPV spectrum correspond with
any peaks in the spectrum of PPV. Undoubtedly, the 1,2,4-
trisubstitution of the backbone ring in PO-PPV results in a
unique spectrum in this region. The peaks at 885, 843, and
816 can be labeled as CH out-of-plane bends. Two strong
peaks at 750 and 690 cm−1 can confidently be identified as
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nfrared spectroscopy, are supported by the DFT results

Peaks at 1267, 1176, 1108, and 1013 cm−1 in the spectrum
f PPV (Table 2) arise frompara-substituted phenylene CH

n plane deformations. The phenylene CH in plane defor
ations in PO-PPV are expected to differ, relative to th
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hile PPV lacks any strong vibrations in this region,
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. Conclusions

This study involves the thermal, optoelectronic, mech
cal and spectroscopic characterization of PO-PPV an
recursor polymer. It has been seen that PO-PPV has p

ies comparable to other PPV’s, with excellent potentia
evice applications.

The PO-PPV precursor is easily processible, with g
olubility in chloroform and a number of other orga
olvents. The excellent quality and mechanical prope
1.7 GPa) of solvent-cast PO-PPV precursor films woul
seful in commercial device processing. The glass tr

ion of the precursor occurs near 60◦C, well below the tem
erature of thermal conversion. As a result, the precu
ay be easily molded upon heating without conversio
O-PPV. In addition, kinetic studies using TGA have sh
xcellent precursor stability at room temperature. The
onversion of the precursor to PO-PPV does not requ
educing atmosphere, and infrared spectroscopy has s
he fully converted PO-PPV to be free of oxidative defe
his is important as these defects act as exciton “quenc
ites, reducing the efficiency of an electroluminescent org
olymer.
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Fully converted PO-PPV films appear to be of excellent
quality. An increase in elasticity (i.e. rigidity) is seen upon full
conversion from the PO-PPV precursor to PO-PPV, undoubt-
edly due to the induced conjugation. Unprocessed PO-PPV
films exhibit a storage modulus above 2 GPa at room temper-
ature, higher than that of unprocessed PPV and polypyrrole.
PO-PPV exhibits a glass transition at approximately 125◦C
and thermal stability up to 350◦C.

Photoluminescence spectra of PO-PPV indicate light
emission at 560 nm in the yellow-green region of the visible
spectrum. PO-PPV has been determined by UV–vis spec-
troscopy to have an approximate bandgap energy of 2.40 eV,
within the semi-conducting range. The infrared vibrational
spectrum of PO-PPV and its precursor have been character-
ized. Further studies into potential applications for this PPV
derivative are in progress.
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