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Abstract
New types of π-conjugated and colored poly(propargyl alcohol) polymers (poly-PGA) were prepared by the polymerization of
propargyl alcohol (PGA) monomer in different media under the action of high energy photons, γ-rays, without the use of
catalysts. The polymerization conditions depend on the used solvents (water, chloroform and dimethylformamide) and gases
(O2 and N2). A singlet and broad electron paramagnetic resonance signal was observed in poly-PGA polymers, indicating the
presence of free electrons and the delocalization of electrons through the polymer π-backbone. The synthesized polymers have
FTIR bands (C=C) in the range of 1607–1652 cm−1 and an absorption broadband in the spectrum range of 305–316 nm. The
poly-PGA polymers which synthesized in chloroform and DMF exhibited amorphous structures as approved by XRD results. In
addition, both TEM and DLS measurements showed the formation of nanostructured polymers in the shape of nano-spheres,
nano-stars and nano-networks depending on polymerization conditions. Radiation polymerization of the monomer in chloroform
produced a polychlorinated polymer as demonstrated by EDX analysis. The polymers have optical band gaps in the range of
2.85–3.50 eV and conductivity in the range of 2.45 × 10−6 to 9.43 × 10−7 depending on the polymerization conditions and the
media used.
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Introduction

Conjugated polymers are macromolecule compounds having
π-electron conjugation in their backbone and are gained inter-
ests due their application in electronic devices and biomedical
scopes [1–5]. Polyacetylenes (PAs) are a class ofπ-conjugated
polymers possessing different applications [6] such as humid-
ity sensors, ion-conducting polymer [7] and proton
conducting polymer in solid-state battery [8]. The nano size
and low toxicity of PA have actually been demonstrated in a
wide range of in vitro sensing and cellular imaging [9], actu-
ators [10]. Previous studies were concerned with the measure-
ment of electrical conductivity of PAs depending on the π-
bond percent as cis and trans isomers in the polymer chains;
where the trans isomer is more conductive than cis isomer [11,
12]. PAs are types of semiconducting polymers and their

conductivity was enhanced over many orders of magnitude
in the case of iodine doping [13, 14] and is enhanced by
treating with acid [8, 15] for use in the humidity sensors or
in the battery constructions.

Many previous studies have been performed in the area of
acetylene polymerizations by different methods. Almost the
polymerization of acetylene (conducting) polymers in the
form of solid film [16, 17] was carried out with various tech-
niques to form thin film on Palladium surface [18] or by in-
ductively coupled plasma reactor [19, 20] or copolymerized
with another polymers [21]. PAs can be also synthesized with
high molecular weight by polymerization of parent alkynes
monomers with transition metal catalysts [22–25]. Propargyl
alcohol (PGA) was previously polymerized by molybdenum
catalyst on polyethylene and ruthenium complexes [26]. The
obtained Poly(PGA) in this case is poor soluble in organic
solvents. However, it was used as a proton-conducting poly-
mer in solid battery constructions [8].

Gamma-radiation is an applicable source of energy for ini-
tiating polymerizations of arenes and alkenes [27, 28] and for
modifying mechanical and optical properties of some poly-
meric materials [29, 30]. The most comprehensive study on
radiation polymerization of alkyne was performed for many
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acetylene derivatives since 1962 [31]. Among the studied al-
kynes were propiolic acid and phenyl acetylene that exhibited
themost radiation sensitivity and yields, %. The polymerization
of acetylene in both liquid and solid state by gamma rays was
reported [32]. The structure of PAs obtained is quite different in
both cases. The color of the obtained polymer in the liquid-state
was a relatively bulky orange-yellow, while; the color of the
polymer in the solid-state was deep brown and insoluble in
almost solvents. That is, the former obtained polymer is mainly
cis-isomer and the latter is mainly trans-isomer. Radiation-
induced synthesis of conjugated PAs type polymer was per-
formed by solid-state polymerization of acetylenedicarboxylic
acid at room temperature in normal atmosphere and under vac-
uum conditions, producing gray colored polymers [33]. The
mechanism of polymerization was proposed to be a free radical
mechanism. The obtained polymers were partially crystalline,
exhibiting no melting up to 1200 °C. However, the polymer
conversion rate is less than 5.5% at an absorbed dose of
500 kGy. Exposing phenyl acetylene to gamma radiation
(320 kGy) in the presence of deoxycholic acid produced a trans
type polyphenyl acetylene, but the yield was much lower [34].
Recently, Bassetti et al. [35] studied the radiation-induced po-
lymerization of terminal aryl alkynes (RC6H4C ≡CH) with dif-
ferent substituents. They exposed the monomers to gamma rays
(50–400 kGy) in different organic solvents at room tempera-
ture. The methodology of using radiation in synthesis processes
relies mainly on the basic of polymerization in transition metals
catalyst-free environment. The obtained polymers are typically
π-conjugated polyenes and soluble in organic solvents and can
be obtained in micro/nanostructured size.

Self-assembly of conjugated polymer became an important
topic of research to create various semiconducting nanostruc-
tures with high crystallinity [36, 37]. However, the self-
assembly requires extensive optimization of the various
post-synthetic treatments such as selective solvent additions,
temperature modulation, or long-time aging. Thus, we pro-
duced a new radiation polymerization process to self-
assembly the PPGA, such as polymerization-induced self-as-
sembly [38, 39].

In this paper, we studied the synthesis of poly-PGA
(PPGA) polymers at ambient conditions in different solvents
(water, dimethyl formamide (DMF), and chloroform) and gas-
es (O2 and N2) using gamma radiation as a metal-free poly-
merization method. The structures of PGA monomer and
PPGA polymers were characterized by FTIR-ATR, UV-Vis
spectroscopy, X-ray diffraction (XRD) and energy-dispersive
X-ray (EDX) spectroscopy. The nanoparticle size was inves-
tigated by dynamic light scattering (DLS) and transmission
electron microscope (TEM) analysis. In addition, the band
gaps and electrical conducting property of the polymers were
investigated. Free radicals formed in these polymers were also
studied using electron paramagnetic resonance (EPR)
spectrometer.

Experimental and method

Materials

Analytical grade solvents such as chloroform, dimethyl form-
amide (DMF), and PGAmonomers (99%) were supplied from
Sigma-Aldrich Co. Germany and used without further
purification.

Synthesis of poly(propargyl alcohol)

To synthesize PPGA polymers, 25 ml of PGA monomer was
selected at each condition of polymerizations. Seven glass
bottles containing 25 ml of PGAwere prepared and assigned
as b to h (see Table 1). The monomer without any additions
and treatment was assigned a. Bottle b has a pure monomer
without any additions and bottle c contains PGA monomer
saturated with O2 molecules. While, bottles d, g, and h contain
25 ml of water, chloroform and DMF, respectively added to
the pure monomer, 25 ml. Meanwhile, bottle e has only the
monomer saturated with N2 gas while f contains 1/1 (v) water
to monomer saturated with N2 gas. After that, bottles (b to h)
was irradiated by gamma radiation at the center of irradiation
facility chamber at 190 kGy. After the end of γ-irradiation, all
solutions were left for drying at room temperature under vac-
uum to vaporize the solvents then were placed in the oven
(40–45 °C) for complete drying. After complete drying pro-
cess, the obtained polymers were washed with distilled water,
filtrated, and dried in oven (40 °C). The physical and chemical
properties of the obtained polymers were further studied.

Irradiation facility

Gamma-radiation polymerization of PGA monomer was per-
formed using 60Co Gamma Cell 220 Excel (manufactured by
MDS Nordion, Canada). Irradiation process was performed in
the central position of the gamma cell chamber. The dose rate
equals to 1.40 kGy/h at the time of this experiment as calibrat-
ed by the transfer standard alanine dosimeter of the National
Physical Laboratory (NPL), UK; thus the calibration is trace-
able to NPL. The overall uncertainty of the absorbed dose rate
was ±2.4% (95% confidence level).

Measurements and analyses

The attenuated total reflectance (ATR) of PGA monomer and
the synthesized PPGA polymers were investigated using
FTIR spectrometer (Vertex 70, Bruker Optik Gmbh,
Germany) equipped with platinum diamond ATR crystal. A
UV-Vis spectrophotometer, Evolution 500 type (Thermo
Electron Corporation, England) was used to investigate the
UV-Vis spectra of PGA monomer and PPGA polymers. The
monomer sample was investigated in a quartz cuvette by
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adding two drops of monomer on the wall of the cuvette. The
polymer samples were measured as thin films coated on glass
plates.

To study the free radical formed in the polymers, the EPR
spectra were recorded at room temperature using an X-band
EPR (EMX, Bruker) equipped with a standard rectangular
cavity of ER 4102. The operating parameters adopted
throughout the experiment are: central field, 3460.41 G; mi-
crowave frequency, 9.71; microwave power, 2.012 mW; mod-
ulation amplitude, 5 G; modulation frequency, 100 kHz; time
constant, 81.92 s; sweep time, 20.972 s; receiver gain, 7.96 ×
103. The X-ray diffraction (XRD) patterns of PPGA polymers
in a powder formwere also analyzed at room temperature by a
Shimadzu X-ray diffractometer (XRD-6000 model, 40 kV,
30 mA) equipped with X- ray tube (Cu target). The X-ray
diffractometer is a product of Shimadzu Scientific
Instruments (SSI), Kyoto, Japan. The X-ray data were record-
ed with continuous scanningmode and scanning speed 8 (deg/
min) in the range of 4o-90o (2θ).

Dynamic Light Scattering (DLS) of the obtained polymer
solutions were analyzed using a Nicomp 380 ZLS Submicron
Particle Size Analyzer (Product of 8203 Kristel Circle Port
Richey FL, 34668, pssnicomp, USA) to obtain the particle
size distribution of the samples with particles ranging from
0.002–5 μm at the scattering angle of 90° after diluting sam-
ples with deionized water. The sample volume used for the
analysis was kept constant i.e. 2 ml to nullify the effect of
radiation strays from sample to sample. Prior to sample load-
ing, glass vessels were thoroughly cleaned, washed with de-
ionized water, and dried. The measurements were repeated at
least three times at room temperature and the standard devia-
tion (SD) was calculated using the software. A transmission
electron microscope (TEM) type Jeol JEM-100CXII (JEOL
Ltd. 1–2, Musashino 3-chome Akishima Tokyo 196–8558,
Japan) was also used to analyze the nanoparticle size of
PPGA polymers. The TEM used is a 100 kV with a tungsten
electron source with holder capable of taking three 3 mm
specimens and the resolution is 0.2 nm lattice, 0.45 nm
point-to-point. The samples were prepared by placing a drop
of solution on a carbon coated copper grid and allowing the
grid (200 mesh) to dry on filter paper and examined with

resolution: 0.3 nm; magnification: × 330 to 250,000;
Specimen thickness 150 nm. The average size of PPGA nano-
particles was determined from the TEM images using the
Image J software..

The EDX analyses of PPGA polymers were examined with
JED-2300 Analysis Station™ (JEOL Ltd. 1–2, Musashino 3-
chome Akishima Tokyo 196–8558, Japan. Electrical conduc-
tivity measurements were performed for the pressed discs of
PPGA. These samples were place in a cell with brass elec-
trodes in the temperature range of 295–315 K, using an elec-
tric heater in isolated chamber and a thermocouple placed very
close to the sample. For the dc conductivity measurements, a
Keithly-617 electrometer was used for measuring resistance of
the pressed discs at different temperatures within the range of
295–315 K.

Results and discussions

FTIR-ATR analysis

ATR spectra of PGA monomer and PPGA polymers powder
generated upon irradiating the monomer in different condi-
tions are shown in Fig. 1(a–h). Figure 1a shows the ATR
characteristic peaks of PGA monomer. As shown from Fig.
1a, the bands at 3350 cm−1 and 3288 cm−1 are characteristics
of O–H and ≡C–H terminal (sp C-H stretch), respectively.
This spectrum displays a band at 2120 cm−1 which attributed
to C ≡ C stretching vibration and bands of 2923 cm−1 and
2871 cm−1 assigned to C–H stretching of CH2 group. Bands
of C–O and ≡C–C with strong intensity appear at 1020 cm−1

and 922 cm−1, respectively [40]. While the band correspond-
ing to ≡C–H bending for PGA monomer appeared at 636 cm-

1. As shown from Fig. 1a to h, the intensity of ≡C-H stretching
frequency of the polymers decreases significantly and another
two bands characteristics of C=C develop in the range of
1653–1607 cm−1 from b to h, indicating the radiation poly-
merization of PGA monomer. In DMF samples (h) only, two
strong peaks appear at 1653 cm−1 and 1626 cm−1 and the other
polymer samples the C=C peaks are weak, indicating higher
conjugation in this polymer backbone. The spectrum band at

Table 1 Polymerization
conditions of PGA monomer
irradiated at an absorbed dose of
190 kGy

Sample no PGA (%) Gas bubbling Solvent Sample Key Polymers color

b 100 Absent Absent PPGA Orange

c 100 O2 Absent PPGA-O2 Deep orange

d 50 Absent Water PPGA-W Orange

e 100 N2 Absent PPGA-N2 Orange

f 50 N2 Water PPGA-NW Orange

g 50 Absent Chloroform PPGA-Ch Shiny Black

h 50 Absent DMF PPGA-DMF Reddish brown

PGA pure monomer without irradiation is assigned as (a)
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2120 cm−1 of C ≡C decreases also greatly in most cases after
polymerizations. The presence of two bands of ≡C-H and C ≡
C indicates the polymer terminal structure. Furthermore, the
monomer’s bending band of ≡C–C (922 cm−1) nearly disap-
pears in the synthesized polymers (b-h) and the intensity of
≡C–H bending bands (636 cm−1) decreases significantly. In
the polymers, OH band (3350 cm−1) is broad, which is indic-
ative of the strong H-bonding in the polymers. FTIR spectra
(Fig. 1c) of PPGA-O2 displays two absorption bands at
1695 cm−1 and 1713 cm−1 assigned to C=O [18, 25], indicat-
ing the oxidation during polymerization process. Bands in the
range of 1679–1716 cm−1 characteristics of C=O are also
observed in the case of using water (Fig. 1d), water-N2 (Fig.
1f), andDMF (Fig. 1h). In addition, these bands appearedwith
low intensity for the samples of PPGA-N2 (Fig. 1e), and
PPGA-Ch (Fig. 1g).

−CH ¼ CH−þ 1=2O2→
−CH ¼ C−

j
OH

→−CH2−C−k
O

In PPGA-DMF sample, a strong peak at 1716 cm−1 ap-
peared, which may be assigned as C=O of COO− formed in
the polymer backbone. This may be supported by the two
peaks located at 1247 cm−1 and 1165 cm−1 which can be
attributed to the coupling between C-O and OH in-plane

[41, 42]. Figure 1g (PPGA-Ch) displays a band at 763 cm−1

assigned to C–Cl bond, indicating the formation of chlorinated
PPGA polymer [43]. A radiolysis of CHCl3 releases Cl- ions
then the ions abstract hydrogen from themedium forming HCl
[18, 44, 53] that can interact with the polymer backbone
forming polychlorinated polymers. Thus, the polymerization,
in this case, may proceed by the cationic mechanism by the
action of hydrogen chloride formed by CHCl3 radiolysis.
Propargyl chloride can be obtained from chlorination of
PGA [45]. Radiation-induced ionic (cationic or anionic) poly-
merization is controlled by the presence of Lewis acids or
Lewis bases [46]. On the other hand, the radiolysis of DMF
causes the formation of fragmented ions (•N(CH3)2,

•CH2 =N
and •CHO) by the capture of solvated electrons, evidently the
formation of radical anion [47–50]. •CHO could attack the
polymer backbone and with further irradiation, it might be
oxidized to form COOH as supported by the strong peak at
1716 cm−1. It may be proved also by the appearance of two
peaks of 1247 cm−1 and 1165 cm−1 that assigned to the cou-
pling between C-O and OH in plane [41, 42]. Thus, the con-
jugation cannot be altered in this case. The polymerization of
PGA in DMF may be not initiated mainly by anionic
polymerization but by a dual radical-anionic mechanism.
This mechanism was previously proposed by Tsuda (1962)
[51].

Regarding the radiolysis of chloroform by gamma radia-
tion, chloroform may act as Lewis acid with the monomers

Fig. 1 FTIR-ATR spectra of PPGA polymers powder prepared by different polymerization conditions
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having a Lewis base character. The radiolysis of chloroform
under effect to gamma radiation as follows.

CHCl3 þ e−→ CHCl2 þ Cl− ð1Þ

Due to electron capture, the abundant yield of chloroform
radiolysis is chloride ion [52]. This electron may be released
from irradiated CHCl3 molecules [53].

CHCl3→CHCl3
þ þ e− ð2Þ

Or the electronmay be released fromπ-electron richmono-
mer (donor), acting as Lewis base to the suitable solvent ac-
ceptor that acting as Lewis acid. This will lead to initiation of
cationic polymerization [54].

On the other hand, the irradiated DMF decomposes as fol-
lows [55, 56].

In general, both the cationic and anionic radical polymeri-
zation induced by gamma radiation are controlled by the
monomer type act as Lewis base and Lewis acid, respectively
[46].

UV-vis. spectra of PPGA polymers

The UV-Vis spectra of various PPGA polymers were
inspected in the spectrum range of 200–600 nm as shown in
Fig. 2. To inspect the polymers in the spectrophotometer, they
were dissolved in DMF, casted onto glass slides to form thin
solid films and then dried. The absorption band of the mono-
mer is located at λmax ≈ 202 nm. While the absorption bands
of PPGA polymers formed upon irradiating the monomer are
located at λmax ranging from 305 to 316 nm. All those bands
are broader than the peak of PGA monomer, indicating the
delocalization of π-conjugated electrons in the polymers.
Highly intense absorption bands in the region from 280 to
410 nm are due to π→ π* transition for all polymer types
[51, 57, 58]. These absorption bands are characteristic of π-
conjugated polymers and arise from the delocalization of elec-
tron in double bonds alongside the polymer chains, causing
the broadening and shifting of the maximum absorption
[59–61]. A lower energy broad band centered at 410 nm is
observed only for PPGA-DMF, suggesting a longer conjuga-
tion length [61] as supported by ATR-FTIR spectra in the two
strong bands at 1626 cm−1and 1652 cm−1. The obtained re-
sults of UV-Vis spectra of these polymers are nearly compa-
rable with the results of poly(propargyl ester), which absorbs
in the range of 300 nm to 425 nm [61]. The polymers absorbed
at wavelength greater than 400 nm are that possessing longer
conjugation chain [62]; this as in the case of PPGA-DMF
samples. The optical energy band gaps (Eg) for the samples
were estimated from the intercept of the linear portion of the

plot ((αhν)2 versus hν) at (αhν)2 = 0 using Tauc relation [63,
64]. Where α, h, and ν are the absorbance, Planck’s constant,
and the frequency of light, respectively. The optical band gaps
for pure PPGA, -O2, -W, -N2, -NW, -Ch, -DMF are 3.39, 2.78,
3.57, 3.50, 3.40, 3.4 and 2.85 eV, respectively.

EDX analysis of PPGA polymers

The EDX profiles of synthesized PPGA polymers are con-
ducted as shown in Fig. 3. EDX profile, PPGA-Ch confirms
the presence of chlorine atoms in the polymer prepared in
chloroform solvent, agreeing with the FTIR results. The
amount of Cl in PPGA-Ch is 39.5% on comparing with the
amount of carbon in the polymers, indicating the formation of
highly chlorinated-poly(PGA). Oxygen content in PPGA-Ch
per C content is 30.56%, indicating an oxygen decrease in the
polymer by 2.72% on comparing with oxygen content in the
monomer before treatment. In the other two polymers, PPGA-
W and PPGA-DMF, O content/C content is 48.12% and
73.3%, respectively. This means that the oxygen content in-
creases from the initial monomer by ~14.8% and ~40%, re-
spectively, implying the higher oxidation in the polymers
backbones especially in case of DMF polymerization that
consistent with FTIR-ATR results.

XRD analysis of PPGA polymers

Figure 4 displays the X-ray diffraction of PPGA prepared at
various conditions. The XRD pattern of PPGA-W exhibit
three diffraction peak; the first one is sharp at 2θ = 16.75°,
the second main peak is broad at 22.37° (interplanar distance
d = 3.97 Ǻ), and the third peak is very broad at 40.75o. This
means that this polymer has both amorphous and crystalline
regions, which may be related to oxidation on π-conjugated
backbone. While the XRD pattern of PPGA-Ch exhibits two
peaks at 2θ = 24.27° (d = 3.66 Å) and small one 44.97° (d =
2.01 Å). These values are very close to an amorphous natural
graphite; the interplanar spacing of graphite d002 is ranging
from 3.58 to 3.66 Å and d100 is 2.03 Å for peaks of 2θ = 24°
and 44° [65], respectively. This means that the PPGA-Ch is
nearly graphite like structure. The same phenomenon was
noted by Geiss and his coworkers whose founded that the
XRD chart of polypyrrole is similar to the XRD peaks of
graphite [66]. The XRD chart of PPGA prepared in DMF
solvent (PPGA-DMF) displays a broad peak centered at 20°,
indicating the complete amorphous nature of this polymer.
The ratio of the half-height width to diffraction angle (Δ2θ/
2θ) of the synthesized polymers is greater than 0.35, indicat-
ing that the synthesized polymers are amorphous [67–69]. The
broad peaks in the polymers, approximately at 2 θ = (20–
24 °C) are due to the intermolecular internal π→ π* stacking
[70].

HCON(CH3)2  /\/\/\/\ HCON(CH3)
*
2 + HCON(CH3)2

+
+ e- (3)
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EPR spectra and free electrons formation

It is well known that many, if not all, conjugated polymers
display paramagnetic centers with a spectroscopic splitting
factor (g-factor) close to the free-electron (2.0023) [71]. The
electron paramagnetic resonance (EPR) spectra of radiation-
synthesized PPGA polymers at room temperature are shown
in Fig. 5. Obviously, all PPGA polymers have a symmetrical,
isotropic and singlet EPR signal, indicating the formation of
one free radical center, neutral defect, in the polymer. The free
radical formed is referred to a neutral soliton, a localized un-
paired electron, which could enhance the conductivity through
the polymer π-conjugated backbone [67]. Previous studies
give an evidence of the presence of mobile, uncharged, para-
magnetic defects in un-doped and lightly doped PAs that is
called as a soliton and proposed as a model for the defect [72,
73]. Table 2 summarizes the results of EPR measurements of
the prepared polymers. It seems that g-factors of the polymers
are depending on the polymerization conditions and their
values are nearly close to the g-factor of free electrons. The
intensity of radicals, number of spin, of PPGA-Ch possessed
higher intensity of EPR signal indicating the higher number of
spins. On comparison with PPGA, the EPR intensity of
PPGA-Ch is higher than PPGA by 390%. The EPR signal
intensity of the PPGA is nearly the same as PPGA-O2 while
PPGA-W possesses a lower EPR signal. The higher peak
width (ΔH) values suggest that the unpaired electrons highly
delocalize through the π-conjugation of polymer backbone
[74]. Thus, PPGA-N2 polymer possesses the highest

delocalization among the tested polymers. This may be attrib-
uted to that the polymerization under N2 atmosphere did not
disturb the conjugation chain in the polymer backbone.

TEM analysis of PPGA polymers

Self-assembly polymer nanosize preparation, termed the ‘in
situ nanoparticlization of conjugated polymers’ (INCP), was
derived by utilizing a conjugated polymer with high strong
π–π interactions [75, 76]. In situ nanoparticlization of fully
conjugated block copolymers containing PA and endo-
tricyclo[4.2.2.0]deca-3,9-diene (TD), they spontaneously
form nanospheres consisting of a PA core and PTD shell,
but their electronic application was rather limited, mainly at-
tributed to the low conductivity of the synthesized shell [77].
Herein, we announce the formation of different nanostructures
from PPGA polymers depending on the polymerization con-
ditions. Figure 6 displays the TEM images of PPGA-W,
PPGA-Ch, and PPGA-DMF polymers. PPGA-Ch image dis-
plays irregular spheres in nanosize ranging from 5 nm to
70 nm. The morphology of PPGA-Ch with irregular sphere
particles may be attributed to the repulsion occurred among
chlorine atoms attached in the polymer chain. On the other
hand, PPGA nanoparticles as one-dimensional (1D) rods and
long-branching nanoparticles forming nanostar and nanonet-
work appeared in PPGA-DMF and PPGA-W, respectively.
The formation of nanostructures in PPGA-DMF and PPGA-
W might be attributed to the spheres was expanded and clung
to others, based to solvation and polarity of function groups

Fig. 2 UV-Vis. spectra of PPGA nanostructure prepared by different polymerization conditions
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thereby forming the nanostar and nanorods, driven by strong
interactions between the spheres of PPGA as shown in
Scheme 1. Thus, these methods of preparations produce in
situ self-assembly conjugated PPGA polymers. PPGA-DMF
polymer mostly exhibits the formation of star-shaped nano-
structure (nanostar), exhibiting a little branching through the
π-conjugation polymer backbone. The height of the nanostar
on this type is 20–50 nm with 2 nm diameter. Nanonetwork
structures were observed in TEM image (Fig. 6c) for PPGA-
W, indicating the crosslinking of the polymer backbone. The
nanonetwork has the largest fibril shape with more than 1μm
and small fibril diameter about 2–4 nm. Nanonetwork struc-
tures are formed by that the nano-spheres are coming nano-
needles, which in their turn, are collected in order to create
nanostars, which are further connected together for the forma-
tion of nanonetworks as schematically presented in Scheme 1
depending on the suggestion was recorded by authors [74,
78]. Moreover, the dynamic light scattering (DLS) analyzed
the hydrodynamic diameter as seen in Fig. 7. DLS identifies
the hydrodynamic diameter (DH) of the PPGA nanostructure
powder dispersed in bi-distilled water. DH for PPGA-W,
PPGA-DMF, PPGA-Ch was 1550 nm, 120 and 139 nm, re-
spectively that is in the agreement with TEM images.

According to the supporting data, we demonstrated the
formation of PPGA nanostructures. They were produced by
an extremely simple method for the self-assembly of conju-
gated polymer PPGA by gamma radiation (Scheme 1). The
conjugated polychlorinated polymer, PPGA-Ch appeared in a
nanosphere structure upon radiation polymerization in chloro-
form. The interaction between Cl atoms may cause repulsion
among PPGA particles, forming separated particles as indicat-
ed by TEM analysis. Strongπ-π interactions of the conjugated
PPGA-DMF, as the driving force for self-assembly, imply that
the particles are queue to form nanoneedles that in most case
have nanostar morphology. The interconnection of PPGA-W
nanospheres induces a formation of nano networks. This may
related to strong interaction obtained due to hydrogen bonding
among the polymer molecules.

Evaluation of PPGA polymer types as semiconductors

Table 3 shows the conductivity, Ω−1.cm−1 of all synthe-
sized polymers. It was observed that the conductivity
values and energy band gaps indicates the semiconducting
property of the prepared polymers. Surprisingly, PPGA-
DMF polymer exhibited higher conductivity (2.45 ×

PPGA-Ch PPGA-DMF

PPGA-W

Fig. 3 EDX analysis of PPGA-W, PPGA-Ch and PPGA-DMF
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10−6 Ω−1.cm−1) although it presented higher oxidation in
its conjugation chain. This may be attributed to that the
oxidation occurred by attaching •CHO on the polymer

chain as C–C–CHO not by a direct oxidation as C–C=O
and the coupling between C=O and OH groups is in plane
as approved by FTIR-ATR in Fig. 1h (see BFTIR-ATR
Analysis^ section). This could facilitate the transportation
of the electrons through the polymer chain not to restrict
the flow of electrons.

In addition, the charge generation through temperature
rise has been investigated for PPGA-Ch sample. Figure 8
displays the effect of temperature on electrical conductiv-
ity. As expected the temperature enhances the electrons
mobility (freedom to move) through a polymer chain, in-
creasing the conductivity with the temperature rise.
Increasing the temperature from 25 to 40 °C enhances
t h e c o n d u c t i v i t y f r om 1 . 11 × 1 0 − 6 t o 2 . 5 ×
10−4 Ω−1.cm−1. This behavior is similar to the semicon-
ducting materials.

Fig. 5 EPR spectra of all prepared polymers

Fig. 4 XRD of PPGA polymers (PPGA-W, PPGA-Ch and PPGA-DMF)

Table 2 g-factors and
band width of EPR
spectra of PPGA
polymers

Polymer type g factor ΔH, G

PPGA 2.0095 9.99

PPGA-W 2.0088 9.83

PPGA-N2 2.0090 10.92

PPGA-O2 2.0086 9.83

PPGA-Ch 2.0080 8.00

PPGA-DMF 2.0089 8.44
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PPGA-Ch PPGA-DMF

PPGA-W

Fig. 6 TEM image of self-
assembled structures formed by
polymerization of PGA in a)
Chloroform, b) DMF and c)
Water to produce PPGA-Ch,
PPGA-DMF and PPGA-W,
respectively

Scheme 1 Proposed mechanism
of the formation different
nanostructure particles of PPGA
polymers, (I) PPGA-Ch, (II)
PPGA-DMF, and (III) PPGA-W
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Conclusion

PGA monomer undergoes polymerization reaction upon ex-
posure to γ-radiation, forming highly π-conjugated and yel-
low colored PPGA polymers. PPGA polymers nanostructures
are organized via choosing the appropriate solvent. In the
absence of surfactant, PPGA types forms self-assembly nano-
spheres or nanostars or nanonetwork structures depending on
the solvent that can act as initiator and make a great effect on
the kind of polymerization mechanism. Thus, the polymeriza-
tion conditions could control the morphology of nanostruc-
ture. According to TEM image, PGA polymerized in DMF

solvent exhibits extensive and short nanostar shape (2–5 nm).
The interconnection of the nanospheres was responsible for
the formation of nanostar and nanonetwork structures in DMF
and water solution, respectively. Meanwhile, the polychlorinated
polymers possess nanosphere structures (5–70 nm). The data

PPGA-DMF PPGA-Ch

PPGA-O2W

Fig. 7 DLS profiles of PPGA nanostructure particles suspend in water

Table 3 Conductivity
measurements of PPGA
polymers

Polymer type Conductivity, Ω−1 cm−1

PPGA 2.32 × 10−6

PPGA-W 9.43 × 10−7

PPGA-N2 1.11 × 10−6

PPGA-NW 1.56 × 10−6

PPGA-O2 4.95 × 10−7

PPGA-Ch 1.11 × 10−6

PPGA-DMF 2.45 × 10−6

Fig. 8 Conductivity of PPGA-Ch with temperature change
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acquired fromXRD analysis confirm the amorphous structure of
all polymer types.

ATR-FTIR analysis confirms the radiation-induced poly-
merization of PGA by forming C=C, decreasing the stretching
vibration of C ≡C and H-C ≡C, and disappearing the bending
vibration of ≡C–C. However, the bands of C ≡C and H-C ≡C
stretching are still present, indicting the terminal structure of
PPGA polymers. The PGA monomer has an absorption band
at λmax ≈ 202 nm. Upon irradiation and polymer formation,
highly broad bands from 305 to 316 nm appear, indicating
the increase of π-electrons delocalization and conjugation
along the polymer backbone. Only in the case of polymeriza-
tion in DMF, a band at 410 nm is observed, indicating the
higher conjugation through the polymer backbone. This may
be attributed to that the oxidation that confirmed by ATR and
EDX occurred by attaching •CHO on the polymer chain as C–
C–CHO not by a direct oxidation on the polymer backbone as
C–C=O. This group with continuing irradiation may be sub-
jected to oxidation forming COO−. This group acts as chro-
mophore stabilizing the π-conjugation. It presents in the same
plane of PPGA-DMF chain that could facilitate the transpor-
tation of the electrons through the polymer chain thereby it
does not restrict the flow of electrons. The higher conjugation
was also supported by the two strongATR peaks of 1653 cm−1

and 1626 cm−1 (C=C). A sharp peak of C=O carboxylic ap-
peared at 1716 cm−1 and two peaks located also appeared at
1247 cm−1 and 1165 cm−1 of the coupling between C-O and
OH in-plane.

Polymerization in DMF introduces 40% oxygen more than
the initial oxygen in PGA monomer on comparing with the
carbon polymer content. Meanwhile, polymerization of PGA
in chloroform produces highly polychlorinated PPGA poly-
mers. Whereas the chlorine amount is 39.5% on comparing
with the carbon content in the polymers. However, the oxygen
content in PPGA-Ch is less than the initial oxygen of PGA by
2.7%. On the other hand, polymerization in water or DMF
introduces greatly oxygen in the polymers; the oxygen content
of these polymers increases by ~14.8% and ~40%, respective-
ly on comparing with the initial oxygen of PGAmonomer. All
PPGA polymers possess a paramagnetic center, free electrons,
along the backbone of the polymer. In addition, they display
great broad EPR signal, indicating the higher delocalization of
free electrons in consistence with UV-Vis. spectra. The optical
band gaps are varied from 2.85 eV to 3.50 eV. The conduc-
tivity of the synthesized polymers is varied from 2.45 × 10−6

to 4.95 × 10−7, indicating the semiconducting property of the
polymers. The DMF polymer samples show the highest con-
ductivity value (2.45 × 10−6) among PPGA polymers that may
attributed to higher conjugation produced in the PPGA-DMF
sample that confirmed by the ATR spectra, Vis-spectra, and
lower conduction band. The conductivity of chloroform poly-
mer samples (1.11 × 10−6) are comparable with the nitrogen
polymer samples. The conductivity of the PPGA-Ch samples

increases with increasing temperature, following a 2nd order
function. In the future, the molecular weight variations, nucle-
ar magnetic resonance, thermal behavior and thermal stability
as well as the microbial activity will be studied.
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