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ABSTRACT: Gralt copolymen containing  polyipheny-
e xylyenes) (PPX} backbore and polystymene fullerens
{fSfu} grafting chains {P'PX-g-PSFu) were prepared by
wing a purposed smthetic route compriing a combination
of resction mechsnisms namely the modified Wemlin

Rxat, an iniferter polymerization, and an atom transfer rad-

the: steps were characterized by using varus technigues
mchiding Fourier tramsform infrared Patrcopy, prokn
mxclesr magnetc reonance spectrosoopy, gl pomestion
chromatography, differential scaminy eabrimetry, UV-

| visitle mpectrosoopy. and thermal gravimetric analyvix The

sfor Homed results suggest that the graft coped ymers

i3] sddition (ATRA). The monomer was firit preparad by
rexcting dichlooxylene with Mrahytfmﬁmm After
thet the monomer was polymerized in 3 sodium hydroxida
sdution to provide s polymer precurus. Subsaquendy, the
P(:Kma precurnor was modified by reacting it with s
dithiecarhsmate ((X(C5 oompound. The macminiferter was
obtyined and then apelymenzed with stynme and chioro-
inethylstyrene vid an iniferter polymensation. Einslly, the
graft copoelymer was reactsd with fullerene through an
ATRA technique to stach the Ch0 s oo the graft
apolymer molacuk. The products oftaiied from eads of

were prepared. The graftin yield and grofting effiincy
were found o incresse with e monomens concentration
ad the amount of JTC used. Some hompolymer acntami-
rants sho oocutred but those could be minimized and sud-
saquently removed by extraction with selective solvents
These graft orpolymer ﬁ::iucts might be wad for the de-
veloprient of a bulk heberoqurction polymer salsr cell
€ 2009 Wiley Feraticals, Inc. TApH Palvm S0 116 £53440, X010

Key words fullerenes: polystyrens; living polymerizs-
tiomes; g:ra:ﬁ copulymer

INTRODUCTION

There has been a considerable interest in the devel-
opment of a plastic xolar cell based an semicond uet-
ing polymers. This is attributed to some advantages
of the polymer solar cdl induding the Flexibility of
the material, its relatively low st and an easy fabri-
cation process. and the possibility of producing a
larger size solar cdll by using an existing fabrication
process such as saeen printing.

However, power conversion efficiency (PCE) of
the plastic solar cells has vet 1o be enhaved. Until
now, the highest PCE of a plastic solar cell based on
a P3HT and PCBM system reported by Heeger and
coworkers is 3%.° This is still considerably low
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when compared with that of conventional inorganic
solar cells. In this regard, the paor PCE of plastic so-
lar cell apuld be attributed to many factors induding
phaton Toss,? exdtons loas,* and arrier lass ¢ More
details concerning the attempls and strategies to
cope with the photon loss and cartier bss can be
found elsewhere™ In this study, enhancing the
PCE of plastic solar cell by coping with the excitons
loss is of interest and is focused on.

To minimize the exdton loss, #t ¥ recommended
that the electron domor material and the electron
acceptar material should be blended tagether to form
a bulk heterojunction {BHJ) polymer solar ell. As a
result, there will be more interfacial area for the exd-
tons ta split into free dectrons and holes. Further-
mare, it would have been better if the donor and the
acceptor materials are combined in a farm of block or
graft copalymer so that goss phase separation
hetween the danor and the acceptor will be restricted.
In this regard, the BH] with 2 nanophase separated,
hicantinuous morphalogy might be expected.

To achieve the aforementioned challenging mor-
pholagy, the capablity to synthesize donor and
acceptar materials with contralied molecular weight
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and molkevular architectures by using some suitable
chemical reaction mechanisms is extremely impaor-
tant. A study «f the literature reveals that a daner
palymer such as poly{phenylene vinylene} (PPVy
and it dertvative can be prepared by several mecha-
nisms incliding an organic xanthate route,'® and the
Wessling route.** In addition, synthesis of danor—
axceptar badk copolymer containing PFV  and
fullerene derivatives via enntrofled radical polymer-
izations have been reported 1%

In this study. we attempt to propose an alternative
synthetic roule for preparing a graft copolrmer
based on FPX (which can be further converted into
PFV by thernul treatment), and the fullerens grafted
polystyrene (PSFu) by using a combination of reac-
tian mechanisms induding the modified Wesslin,
route,® an iniferter polymerization technique %
ard the atom transfer radical addition (ATRA>!Y
The aim of this research werk is t explove the feasi-
bility of preparing the FPX-g-PSFu graft copolmer
via the aforementioned synthetic raute (Fig. 1). The
effects of reaction parameters an the structure of the
synthesized polymer are ako of intevest.

EXPERIMENTAL
Materials

a4 -Dichloro-pxylene {90%, GC grade), tetrahydro-
thigphene (THT; 7%, GC grade), tetragthyl tiwram
disulfide (TD; 98%, Assay}, cupper, cupper bramide,
and bipyridine were supplied from Fluka (Stein-
heim, Germany). Sodium hydroxide {(97%) and
cydohexane {assay) were supplind from Carlo Erba
(Rodano, Ialy). Fullerene (33%.) was supplied from
Sigma-Aldrich {Steinheim, Germany). Methanal and
toluene {analytical grade) were obtained from Fisher
Chemicals (Inugﬂmmu@, UK). Dichlorobenzene
and acetone were supplied from Merck (Darmstads,
Germany). Nitrogen gas (92.99%) was obtained from
Praxair (Thailand}. All of the aforementioned chemi-
cals were used as received.

Styrene (99%,, GC grade from Fluka, Steinheim,
Germany) was free fram inhibitors by passing it
through an alimina column. Chlaromethyistyrene
(CMS) {30%, GC grade from Fluka, Steinheim, Ger-
many} was purified by exiracting with sodium
hydroxide salution, followed by washing  with
deionized water and then dried with sodium sulfate
arhydrous.

Synthesis of the graft copolymer

Figure 1 shows the outline of the synthetic route
that was used for the synthesis of the PPX-g-PSFu
graft copolymer. In this study, we started with the
system related to the PPX {which can simply be can-

Josorval of Appliad Pbprer Seiener (X1 10.1002/ app

verted to the PPV danor material by heat treatment).
In this regard, the bis-sulfonium alt monomer must
be first prepared from a reaction between dichlorax-
ylene and THT. It is noteworthy that an extension of
this synthetic route to the system conlamning
MEHPPV doner material is also an aspect of our
future work. In this latter case, the first step can be
diminated sirce the mononer for the synthesis of
the MEHPFV backbone is cammercially avalable
even though the price of the chemical is consider-
able. Once the manomer was obtained, it was poly-
merized into a polymer precursor via the Wessling
rowte. Subsequently, the pracursor was further modi-
fied by reacting it with dithiaccarbamate {DTC) oom-
pound ta obtain a macoiniferiter. Next, styrene
ard CMS were graft copalymerized onto the macro-
inifester chains by using an iniferter palymeriza-
tion technique. Finally, fullerene was attached anto
the poly{styrene- r-chlaromethylstyrene)  [P{SCMS)L
grafting chains via an ATRA technique. More details
cancerning experimental prxcedures for each step
are described as follows:

Smthesis of bissulfonium salt monomer

Ten grams of 2. -dichiore-pxylene in methanal so-
lution (8% w/v) was reacted with THT (15 mb) in &
reaction flask at 3FC for 12 h. After that, the prod-
uct was precipitated into acetone. The predipitated
product was then dried and characterized by using
3 Pourier transform infrared (FTIR) SpeCtSCOPY
technique.

Polymerization of the menamer into
a palymer precursor

Three grams of the praduct obtainad from the afore-
mentioned step was further reacted with a dried-
methanalic NaOH solution {0.98M) in an ice-anld
water bath, under N; purged atmosphere. The poly-
merization was allowed to proceed at O°C for about
30 min. After that, the content in the reaction flask
was neutralized with hydrachloric add (0.4M). The
reutmlized solution was then purified by dialysis
using Spectra/Por™ celulose tubing (malecular
weight cut offt 12000-14,600 Da) for 3 days. At this
stage, the product was considered ta be a sulfonium
palymer precursar.

Modification of the polymer precursar
inta & macroiniferter

A given amount of sodium diethyldithiocarbamate
(NaDTC) {ranging between 0.1 and 1.3 g) was ad ded
into the reaction flask containing the aforementioned
polymer precurscr. The soluticn in the flask was
kept stirring at -10°C for 1 h. Afler that, the
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Figure 1 The proposed synthetic route for prepaning the PEX-g-PSFu graft copalymer.

solution was gradually warmed & 5°C and the tem-
perature maintained for 1 h. Next, the solution was
albwed to warm (o roam temperature slowly. Of
naote, the preduct obtained by treating the polymer
precursor with NaDTC is phase separated from the
top layer of the MeOH salution. On the other hand,
if the polymerization was carried out without the
use of NaDTC, the product tended to be mare ho-
mogeneous and take a longer perind of time to
phase separate into two layers.

Next, the product was washed with methanel by
stirring for 30 min and then redissolved in CH,Cly
before predpitating again in methanol. This pracess
was repeated four times to remove some low-molec-
ular weight impurities. Finally. the product was
dried in a vacuum oven at 65°C for 1 h, followed by
farther drying at room temperature for 12 h.

Graft copalymerization

To a 25) mL reaction flask, 0.027 g of the macroi-
niferter was mixed with a solution of purified sty
rene {0.045 mol} and chloromethy! styrene {0.0113
mal) in THF (7 mL). The solution was purged with
fitrogen for about 10 min and then vacuum-sealed
after freeze-pumping The reaction flask was
exposed to UV radiation for 4 h. After that, the
condent in the reaction flask was predpitated into a
large amount of methano! and then dred in a
vacuum oven at 60°C until reaching a constant
weight

The product was further purified by extracting it
with some selective solvents to isolate graft copoly-
mer {rom some homopalymer contaminants. In this
regard, methanol and a casolvents containing a

Jownmal of Arplind Polymer Sciene DOL IR fapp
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nuxture of xylene and isopropanal {171, v/v) were
used. The former was found to be a good salvent for
PPX but canhat disselve PISCMS), wheraas the Liter
was vice versa. After the extraction, the produdt was
dried in a vacuum aven at 60°C until reaching a
constant weght

“The grafting yield and grafting efficiency were
determined by using the follbwing equations:

Grafting yieldi%] = [W; - Wyl/Wy] « 100% (1)
Grafting efficiency(™ ) = [Wi/ {1 + W)} « 100% ()

where Wy, W, Wy and W, are the weights of graft
copolymer, maceiniferter, monomer, and home-
polymer, respextively.

Attachment of fullerene onto the graft
capalymer chains

Atotal of 0.1 g of the graft copalymer obtained from
the aforamenticnad step was mixed with fullerene
{0013 g), bipyridine (0.03 g}, and toluene {15 mL) in
4 reaction flask The solution was purged with nitro-
gen for 10 min, sealed with parafiin film, and kept
for a further ATRA reaction. To a 250 mL three
necked round bottom flask, Cu {0013 g) and CuBr
(0MX38% g) were addaed. The flask was dosed with a
rubber septum and sealed before undergoing nitro-
gen purging and vacuum pumping for five cycles.
Then, the polymer solution prepared earlier was
introduced into the reaction flask by injection
through the rubber septum, using a syrings. The
mixture was then refluxed at I°C in an il bath
for 24 h. After cooling to room temperature, the
reaction was filtrated and predpitated inta a large
amount of methanal. The crude precipitated product
was redissolved in THF, and then peecipitated in
methanol again Hexane, which is a selective solvent
for C60/PSFu system, was used 1o renvve some re-
sidual fullerene {CH0} from the product. UV -vigible
spectrascapy was used to examine the presence of
an absorption peak of the free fullerene in the
leached solvent. The washing process was carried
out until the aforementioned UV-visible peak dizap-
peared Finally, the product was dried in a vacuum
oven at &rC for 16 h.

Characterizations

FTIR spectroscopy was used to monitr same
changes in the chemical structure of varicus prod-
ucks  after reactions. The FTIR spectrum was
recorded, using a Bruker FTIR {Equinox 55). The
sample was prepared in the farm of a KBr pellet,
and the spectrum was scanned over the wavenum-
ber mnging between &0 cm™! and 4000 am~t In
addition, the chemical structures of some producs

Jormal of Arpbiad Polpner Scemar (X1 10.1002/ spp

were charadterized using protan nudear magnetic
resonance ‘H-NMR) spectrascopy. Typiaally, a graf
copidymer sample was dissolved in deuterated ben-
zene {( D and then the spectrum recorded in a
Bruker instrumerd (Adyance DPX400). using T™S as
a referexe.

The maolecular weight of palymer was determined
by use of a gel permeation chromatography (GFC)
technique (Waters 600 instrument). Three connected
columns (Water Styragel) cantaining cmsslinked sty-
renedivinyl benzenecapalymer particles with a mor
lecular weight resolving mnge of 100-500,000 were
used. The eluent rate of letrahydrofuran {THE) was
I} ml/min and polystyrene standards were used to
establish 2 universal calibration curve.

The thermal stability of the product was examined
by use of a -themmogravimetric analyzer (TGA,
NETZSCH STA 4% C/CD). About 20 mg of the
sample was used and the TGA experiment was
scannad over temperatures ranging between 25¢C
and 6X0°C under oxygen (air) atmesphere, at a heat-
ing rate of 1°C/min. In addition, the thermail
behaviors of the polymers were investigated by
using a differential scanning ealorimetry (DSC) tech-
nique. The DXSC experiment was carried out with a
Netzsch {Bavaria, Germany) DSC 240F1 instrumert
under a nitrogen atmosphere at a heating rate of
I°C/min over temperatures ranging between 25
and 200:C.

Finally, UV-visible absarption spectra of various
samples were recorded on a Shimadzu UV-3100 spec-
trophatometer, over wavelength ranging between
190 and 700 nnv

RESULTS AND DISCUSSION
Synthesis of the monemer and the PPX precursar

Figure 2 shows an overbid FTIR spectrum of
dichloro-pxylene and that of the product obtained
from the reaction between dichloro-pxylene and
THT. A new peak at the wavenwriher of 645 an™?
onespanding to the vibration of C—5 (v) bonds was
observed in the spectra of the praduct In addition,
the absarption peak. at 756 ¢cm™', representing the
vibration of C—C1 bands disappeared. Other rele
vartt peaks such as these at 1619 an~! (C=C, {(W)] of
an aramatic ring, and 870 em™* {out of plane bend-
ing of C—H ring) were ako moted. Similar FTIR
results for the same campouwnd were reported by
Damlin® and Bradley 't

After carrying out a polymerization of the afore-
mentioned praduct by reacting it with sodium hy-
droxide solution, a viscous solution in the reaction
flask was obtaired. This selution contains a polymer
precursor which was dialyzed prior to reacting with
NaDTC o obtain a macroiifeter,
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biv-vulfordum wilt momomer.

Modification of the polymer precursar
into macroin iferter

Figure 3 shows overlaid FTIR spectra of the sulfo-
nium polymer precursor before and after modifica-
tion with 0.2 g of NaDTC. An FTIR spectrum of the
modified polymer shows two new peaks at 1206
an~'and 1140 ¢~ These could be ascaribed o the
vibration of the C—N (v) and that of the C==5 {v),
respectively. Notably, the absorption peaks at 1635
an=? and 1676 cm™ were also present. This might
be asaibed to vibration of the C=C bonds that
could be attributed to some side reactions such as
the elimination of the sulfonium groups, partly
occurring during the palymerization. This is consist-
ent with aur chservation noting that aalar of the
product is green whidh could be atribuied to a very
shart conjugated saquence arising from an unavaoid-
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Figure 3 Owverbsid FTIK spectra of the sulforium pol
procursor before and after maodification with Nal{U.

ably limited amount of elimination*! However, from
our research experience, we found that this side
reaction can be minimized by maintaining a constant
reaction temperature and gradually adding of the
NaOH salution during the polymerization. Of note,
we have carded out a heat treatment for this poly-
mer at 2007C in @ vacuum oven far 2 h and observed
that color of the material changed from green ta yd-
low. This suggests that more of the unsaturated PPV
repeating units have been formed in the molecules ™

Figure 4 shaws a 'H-NMR spectrum of the madi-
fied polymer. The strong peak at 7.0 ppm represents
a signal fram the proton in an aramatic ring of the
PPX backbone. Another strong peak at 415 ppm
could be ascribed to the methine protan adjacent ta
the methoxy groups (—HC—OCH;), whereas the
peak at 3.19 ppm can be related to a signal fram the
protons in methoxy groups {OCH;). The NMR peak
at 3.7 ppm could be attibuted to a proton adjacent
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Figure 4 'H-NMR spectram of the sulforiun polymer precursor madified with NalYtC. {Color figure can be viewed in
the online isue, which is available at www interscencewiky.oom
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TABLEE
The Goafing Yiclds and (infting Efficiency of the
Products Obtsined from Varous Graft Copolymerization

Conditions

PPX-DTC Mmamers {ml} Gmfing Crafting
=t - vild officency
&y weight) Stymene QM5 6} %)
1:Q1 241 axy 190 $.18
1:02 1040 32 361 .45
1:403 1040 a0 065 BK
1:45 1040 3 A1 HE
1:07 261 083 (81 RE
1:Q7 10.40 K-\ B3R ey

to the (DTC) group |—CH-SIC=5)]. In additian,
there is a small pesk at 535 ppm whidh could be
due to the preserce of some olefinic proton
{—CH=C) in the molaxule. The aferementioned
results from FTIR and NMR Sptrorcopy suggested
that the macrainiferter was prepared. In addition,
results from GPC technique reveal that number aw
erage molecular weight (M.} and  polydispersity
index of the aforementionsd macroiniferter are
~ 280,000 g /mal and 1.5, respectively.

Graft copolymerization

After camying dut graft copelymerization of the
macrviniferter with a varied amcunt of styrene and
CMS, the pmduct was extracted with selective sal-
vents and the preduct yield was determined vis gra-
vimetry. Notewaorthy, some control experiments in
which styrene and CMS salution. was exposed to the
UV irradiation in an absence of any initiator or
iniferter were also carried out. Using this method,
same product yields were obtained after a predpita-

Son of the content in the maction fask. This could
be attributed to the sdf-palymerized styrere and

OMS. However, these produdt viedds are mudh less .

than theee of the solution containing the macroi-
nifecter. Furthermore, the self-polymerized product
was completely saluble and removed after extraction
with selective solvents. This was nat the case for the
products polymerized with the use of a macro-
iniferter. The afarementioned resulls suggest that the
product ebtained was a graft copolymer and not a
mixture of the related homopalymers.

Table Tshows the grafting yields and grafting effi-
dency obtained from various graft copalymerization
conditians. I can be seen that by inceasing the
amount of monemers {at a fixed maaainiferter
weight), the grafting yield and grafting effidency
increased. In addition, by increasing the weight ratio
between the DTC and the polymer precursar during
the nadification step, both parameters (yield and
effidency) increased. This k due to the fact that the
greater the ratic, the more the capping agents en the
macrainiferter malacules. Gonsequently, the mono-
mers had mare chances to experierce the grafi
copelymerization fn this study. it seems that the ap-
dmum condition leading te the maximum graiting
eficency and yield is that obtain by using 1/0.7 by
weight of the precursie to the DTC and a high
moenomer feed valume (104 and 32 mb of styrene
and CMS, respectively).

Figure 5 shows the 'H-NMR spectrum of the
prxduct obtained from a graft oopolymerization of
styrene and CMS using the menomers mole ratio of
7525 0. It can be seen thal, after the maction,
the NMR peaks sorrespanding to these of the DTC
group disappeared. This k due b the fact that
the palymer chains lave been grafted with the

-f’.
’I
j !g
- d i
“i f! ’«
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7 ] § 4 1 H ]

Figure 5 'H-NMR spectrum of the fmx!u::t obtained from

(€5 with PPX  macroiiferter.
wwwirderscienae. wikiy dorn.}
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graft copolymerizaton of styrene and chbrome thylstyre

Color figure can be viewed in te online issoe, which is avebhle at
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Figure 6 DK thermogram of the product oltained from
ft coopolymuesization of styrene and chkrormethyldyrens
?EWS with PI'X macroiniferer

aforementioned monamers through a decompasition
of this group, which is considered to be a capping
agent In addition, the spectrum shows a peak at 4.2
ppm which could be attributed 1o a signal of the
methine protm adjacent to the methaxy groups
[=HCQOCH;] being oveslapped with that of the
methylene proton fraom the benzyl chlaride group
~CH;—Cl}. There are also some new peaks occur-
ring at about 72 ppm and 6.6 ppm. The farmer &
asribable to the pretons in aromatic rings of poly-
styrene overlaps with that assodated with the PPX
backhome, whereas the latter peak represents the sig-
ral from protons in the aromatic ring of PCMS
repeating units, No further attempts were made to
determine the copolymer composition in  the
PSCMS) grafting chains, sinoe the broad peak at
about 7.1-72 ppm are overlapping.

Other indirext evidence supporting the formation
of graft capalymer can be seen fram a DSC thermo-
gram of the product {Fig. 6). There are two endo-
thermic transitions accurring at the onset tempera-
tures of 52:C and 81°C. These can be ascribed to the
glass trandition temperatures of the polyphenylene
xylylere {FPX) backbone and the P{SCMS), grafting
chains, respectively. The aforementioned results sug-
gest the product is not a random copolymer. In
addition, it is warth remembering that this product
has already beer purifiad by using selective solvents
and thus it is unlikely that the product is a mixture
ar blend of FPX and P{SCMS) polymers.

Atom transfer radical addition with fullerene

Finally, attempts were made to attach fullerene
to the graft copalymer moleculs via the chlorine
atoms of the PCMS repeating units, using an ATRA

L

e anh s e it

Figmte 7 FOR speatrs of the PPX-g-PECMS  grft
copolymer before and after rexting with e fullrene vis
an ATRA.

technique. Figure 7 shows FTIR spectra of the graft
copolymer befare and after reacting it with the full-
erene. The spectrum shaws two new weak tranamis-
sion bands at 528 an~* and 577 an~', which repre
sent the charactenstic of the fullerene-bonded
polymers.”® In addition, UV-vis abeorption spectra
of the product from ATRA (Fig. 8) shows a strong
absorption peak at M0 nm which is ateributed to the
fuilermne covalently bonded ta the PSCMS) grafting
chain.

Figure 9 shows overlaid TGA thermograms of the
PPX-g-F{SCMS) gmaft copalymer both before and af-
ter carrying out an ATRA with the fullerene. Fram a
themnogram of the polymer before reaction, three
ransifiens can be ohserved. The first transition
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ﬁgm 8 UV-viible sheorption spectra of the PPX
RSCMY graft copalymer before and after rescting wi
fullirene vis an ATRA.
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ﬁﬁm 9 Overlsid TGA themograms of fhe PPXg-
BHCMS graft copolymer before and after rescting with
fullereme vis an ATRAL

occurred at 120°C involing the less of about 8% by
weight of the sample. This <ould be related to a
decompasition of the DTC fragment present at the
end of the grafting chains'® Next, there was a sec-
ond weight Toss {12%) at I00°C which. can be attrib-
uted to a decampexitiaon of the PPX chain. “*® Third,
there was ~ 70% welght loss occurred at 420°C
which might be due to a decomypesition of the PS
and PCMS repeating units. Beyand this temperature,
the rample weight tends to reach a plateau and the
remaining weight could be ascrited to the residual
selid.

Similarly, TGA thermogram of the PPXg-FSFu,
which ix 2 product obtained from the ATRA, shows
three weight bas transitions. However, it is notewore
thy that the residual weight of the product was 10%
greater than that of the starting graft copolymer
before ATRA. The difference is atiributed 10 the
presence of the fullerene groups, chemically bondad
to the grafting chain *'*** The aforementioned result
implies that the C60 content in the donor—acceptor
graft copalymer is ~ 1% by weight

CONCLUSION

In this study, it can be conduded on the basis of the
results from FTIR, "H-NMR, DSC, and TGA that the

Journal of Agphad Palymer Scenae X1 101002/ app

preparation of FPX-g-PSFu gralt copolymer using
the suggested synthetic route s possible. This routs
comprise three main reacion mechanisms namely
the madified Wessling route, an iniferter polymer-
ization and the ATRA, which are practical and do
nat involve any severe or stringent readtion comdi-
tons. It was also found that, in the graft awpolymer-
ization step, vield and grafting effidency of the
product increased with the manomers cancentration
and the amount of DTC used.
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ABSTRACT

Fullerene fiumrtionalized polystyrene (PSFu) with a variety of fullerene conzent was pawaredﬁa_am atom transfer
radicst addifion (ATRA) mechanism, using verious types of synthesizad poly(styrene-chiorometirylstyrene) random
copolymer, [PS+-PCMS] s a precursor. The chemical stracture, maoleculsr weight, thermal properties and HOMO-
LtMOmgylnﬂsofmeammwymmmmmdnmg\mmm 'H-
NMR, FTIR, UVvVis, GPC, TGA, nd Cyrlic voltsmmetry {CV), respectively. The best PSFu was selected op the
basis of its solubilify and band gap energy for further blending with regio-regular polyhexyithiophene (rr-P3HT).
Morphology of the blends with s variety of mixing ratios was irvestigated by optical mixroscopy and atomic force
micoscopy. Micrograph of the sbove various blends were slso conpared with thosa of the blends containing P3IHT
and follerene. It was found that the use of PSFu as a replacement of fallerene lead to the blend with & finer dispersed
particle morphology. However, when a regio-rendom grade P3HT (rd-P3HT)} was used as s replacement of /-
P3HT, the opposite effect was observed. The sbove changes and discrepancies were discssad in the ight of solvent

eﬁeﬁsmdsome‘cﬁzngesmnmphologyoﬁ’mmbiendwfmwpemdmnmafﬁmm‘basedmaim
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1 Intreduction

Photovoltsic [PV] devices based on semiconducting polymers have gamed immense interest over the past few years,
pardy stimmlsted by the fact that the production process of the polymer-based PV cell is relstively simple,
inexpeasive and less polfuting. In addition, by txilor-reaking some chemics! structures of the polymeric materials,
ﬁmﬂm‘nﬂitysndphnm—decuicpwpexﬁescﬂhemmialcanbemPurﬂmmnte_.'uisalsopossib]ecoenmge
the scale of production by adapting some existing industrial processes such as ink-jet or doctor blade screen printing.

Amoug various types of semiconducting polymers, poly(3-hexyithiophene) [P3HT] has been widely
studied end developed becsuse of its good solubdity, chemicsl stability and excellent electronic properties. Of note,
the above polymer is normsily avsilable in two different types, depending on its regio-regularity smuctwe. The first
is 2 regio-random poly(hexyl thiophene) [rd-P3HT] which tootuins 1 relatively low content of hesd-to-tail tinkages.
The second type is a regio-regular poly(hexyitlopbene) [7vPIHT} which contsins more than 9% hesd-to-tail
Lirkeges. The lstter type is also referred to as an electronic grade polymer 2nd is widely used in solar cell
applications due to its lower band gap energy.

Upon exposure of the semiconduacting polymer to sunlight, the polymer will be photo-doped and some
tightiy-bound electron-hole pairs {glso known as excirons) will be creared. The excitons may recombine again wnless
they can diffuse into an interfacial ares between the polymer and the electrodes, where some differsaces in work
finxtion exist. To minfmize exriton recombinstion and to enhance the power conversion efficiency [PCE] of the
polymer sobas cedl, it is common to blend the semiconducting polymer with some electron acceptor materials such as
fullerene (Cy,) and its derivstives. As a result, an interface between the donor material {the polymer) and the
acceptor materis] will be created. Across this doncr-ecoepéor interface, 8 lerpe HOMOCLUMO energy level offset
will produce s large enovgh internal electric field gradient, capable of splitting the excitons into free electrons and
holes. This kind of PV cells containing & blend of donor-acceptor materials is also known 85 & bulk hetero-junction
[BHT] solsr cell.

It shawild be noted that one of the mein problems inhibiting the development of shis type of BHJ cell toward
a higher PCE inrlndas the limitd solubitity of the fallerene. Some xgpregstion of the material has been obsarved in
msny cases {1-2] when the amount of Cyyused in the BHT celf is in excess of 8 certain linsit. By using a derivative
form of the fullerene such as PCBM, the solubility of the materizi and PCE of the related cell inmmproves at the
expense of the maserial cost. This improvement is ascribed in relstion to ¢ steric effect provided by the presence of

an alkyl side growp on the follerene. In this study, attempts were made to attach the fullerene onto a polymeric
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molecnle, namely polvstyrene. In this regard, it was assamed that the follesene groups would be distributed along
the polymisr chain snd tims some aggregation of the acceptor material be reduced and‘or delayed.

In this regard. it is mecessary to synthecive the fullerene grafted polystyrens (PSFu) with s variety of
molecular architectwre. This msy be achieved by camying omt 8 co-polymerizstion of styrene md
chlorometiylstyrene. The obtained copolymer which contsin C-Cl bonds in the poly(chloro methylstyrens)
repesting units can be firther functionalized by reacting it with the fullerene via an Atom Transfer Radical Addition
[ATRA] mechenism.

A survey of the literature reveals that synthesis of the sbove PSFu has not been directly reported, howenver,
some work on the preparstion of domor-gccepfor copolymers containing the PSFu has been foumd. For example,
Chen ¢ al. [3] prepared P3HT-grqf?-PSFu copolymer using a multiple reaction mechsniem incleding & nitroxide
mediated radical polymerization [NMRP] md atom trensfer radical sddition [ATRA] techmique. It was found that
the presence of grafiing chains did not affect the electronmic state of the conjugated polymer in soluticn. The
marpbology of the graft copolymer precursor (P3HT-grqf-P(SCSM)] sigmificantly chanped from # bi-continmons
morphology to 2 dispersed particle morphology after rescting it with Cy. It was also suggested thet relationships
between the graft copolymer structure (graft length, graft density, morphology) and opto-electrical properties of the
serviconducting copolymer should be explored  Simmilarly, van der Veen et 3l [4] synthesized DEH-PPV -biock-
PSFu copolymers using NMRP and ATRA techmiques. In that stody, the method used to introduce C, into the
polymes. chains. wes improved by circmnventing the formation of radicsls through the utilizstion of azide

In our present study, PSFu with a varety of fullerene contents were synthesized by wsing iniferter
polymerization and ATRA (Fig. 1).The best PSFu was selected on the basis of its band gzp energy for further
blending with r~P3HT andfor 74-P3HT. The aim of this work is to examine morphology of the PIHT/PSFu blends
and compare to that of PIHT/C,, blends. In addition, effect of P3HT with different regio-regnlarity on morphology

of the refated blends is akso of our interested.

2 Experimentat

2.1 Materiais

Capper, copper brawide, and bipyridine were supplied from Fluka Co. Ltd. (Steinheim Germany). Fullerene (98%)
was supplied from Sigma-Aldrich Co. Ltd (Steinheim, Germany). Methano! and tohwene (analytical grade) were
obtaimed from Fisber Chermicals Co. Ltd. (Loushberongh, UK). Nitrogen gas (99.99% was obtzined from Praxair
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Co. Lid (Thailend). All of the sbove chemicals were used as received. Tetmethylthinram disulfide (1D} was
sugplied from Fluka (Steinheim Germany) mnd was puified by re-crystallization prior to use.

Styrene (%9%, GC grade from Fluka Co. Ltd. Steinheim, Germany) was freed from inhibiters by passing
throngh 20 gloming columm. Chloromathylsryrene (CMS) (90%, GC grade from Fluka Co. Ltd, Steinheim
Germany) was parified by extracting with sodim hydroxide solution, followed by washing with de-ionized water
and then dried with sodium sulfate anhydroas.

Poly(hexyl thiophene) [P3HT] (both regio-rsndom grade and regioregular electronic grxie) were
purchased from Sigma-Aldrich Co. Ltd. Fullerene (Cy)) (pmum grads) was supplied from Fluka Co. Lid A
plaﬁmnmd(?t),nsedasacamere!mdgAg?AgNO,usedasareﬁamoeelectmdeandgiassycaxbme!ecnode
(BSTRI0A) used 35 a working, were obtained from Auto Lab. Ammanium tetraffacroborate [BuNBF,] used 25 an

electrolyte was sepplied from Aldrich Co. Ld

2.2 Symthesis of PSFu.

I this expesimental part poly(styrene-chloromethyl styrene) random copolymer (PS1-PCMS) was firsdy
syuthesized vig 8 controlled free radical polymerization techmique using tetraethylthioram disulfide (TD) a5 an
iniferter. More detzils concerning the mechanism of the iniferter polymerizstion can be found elsewhere {51
Experimentally, 0.01¢ g of TD (0.75 mmol) was added into 2 solution of prrified styreze (0.045 mol dissotved in 30
mi of toluene) and chioromethyistyrene (0.0113 mod). The monomer solution wes purged with nitropen and sealed.
After that, the recction flack was exposed 10 UV radiation for 4 b After g given time, the content in the reaction
ﬂhskwaspzxipﬂxmdin:oalzxgemmnofmeﬂmnlmdthendﬁedina.vacmmweustéo’(.‘mﬁlmachhga
constant weight.

2.3 Proparation of fulierene firctionalized graft capolymers

Next, the PS-r-PCMS was reacted with fullerene via an stom transfr radical addition (AP.TA) reaction in arder to
obtain PSFu. This was commenced by mixing fullerene (0.013g), bipyridine (0.03g), tohuene (15 ml), end G.1g of
PS-r~PCMSinaﬂaskIhesohﬁmwaspmgedwimmgznﬁrlommmmledwﬂhpmaﬁnﬂmmdkem
for 2 futher ATRA reaction. After that, Cu (0.013g) and CaBr (0.0086z) were sdded To a 250 mil fhree-necked
rourd bottom flxik. The flask was closed with a rubber septum and sealed before udergoing nitrogen purging snd
vamum pumping for 5 cycles. Then, the above prepared polymer sohition was introduced into the resrtion flask by

mjectionmmughmembbssepmusingasyainge.Thenﬁmnewasthmmﬂmdatm‘Cinmoﬂbemﬁw3h
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After cooling to room temperatare. the reaction was filtrated and precipitated into a large emount of methsnol The
cmdeprecipimedp{odmtwasm—(ﬁssoi\'edmm,mdmanpredphamdmmgmmlagamﬁemwtkhisa
non-solvent for the polymer, was used to remove some residnal fullereme (C,) from the product. UVkisible
Spectroscopy was used to examine the presence of an absorption pesk of the free fullerens in the leached sofvent
The washing process was carried out until the above UV/Visible peak dissppeared. Finally, the purified prodnct was

dried in 3 vacmum oven af 60 °C wmil resching s constznt weight (16 b).

1.4 Charaaerizations
2.4.1 Spectrascopy anaiysis
A Fourier Transform Infrired Spectroscopy (FTIR) technique was used to monitor changes in chemical structure of
various products after chemicel resction. The FTIR spectrum wss recorded using a Bruker FTIR (Equinox 55). The
sanxp]ewaspcmpamdin&efmofam:pdlegmd&especmm.mxmn&dwewmnmbmmgmgbem
600 cm™ and 4000 an’. In addition, the chemical structures of some products were characterized using "H-NMR
spectroscopy. Typically, a graft copolymer sample was dissohed in dewtersted benzene (€D;) and then the
spectrem was fecorded in a Bruker instrament (Adveance DPX400), wsing TMS as a reference.

/-Visible sbsorption spectra of various samples were recorded onm & Shimadmu UV-3100
spectrophotometer, over wavelengths ranging between 300 sud 700 om Semple wus prepared by dissobving it in
mmm-mmmcmiedmmmmmpmm{naddiﬁmgtodetefmineopﬁmlenergybandgxpuf

some samples, the following equation was msad;

E(eV)= b 6))
Where;

h =Planck Constant, C= Speed of light, and J — Onset of the UV/Vis absorption peak

2.4.2 Elemental enabser

Elements] snalysis of PS-r-PCMS copolymers wss carmied cut by nsing X-ray fluorescence (WD-XRF) spectrometer
{Bruker, Madison, W1, Axis S4).
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2.4.3 Molecular weight analvsis

Themhchwﬁghxof&eMmdmﬂmdhyuﬁngagdpamﬁonMogsphmemga

Water E2693 instrument equipped with R detector (Viscatek model 3580). THF was used as an efoenr and 100 pl.

of the sample solntion (2 mg ! in THF] was prepared and filtered with a nylon 66 membrane before injection. The
sohution was passed through PL gei 10 pan mixed B columms, at a fiow mate of 1.0 miimin. The obtained GPC
chromstogram wes then transiaied inte & moleculer weight distribution MWD} curve via the use of a polystyrene
narrow mpleculsr weight calibration curve. Finally, the sverage molecular weight end polydispersity indexes were

determined using standard equations.

2.9.4 Therma! characierization

The thermat stability of the polymers were investigated nsing o thermal gravimetric anslysis (TGA) technigne. The
TGA experiment was carried oat with 3 Netzsch (STA 409 CACD) instrment About 10 mg of the sample was used
and the TGA experiment was scanped over temperstures ranging between 35°C and 600 °C under nirogen

stmosphere st 2 heating rate of 10 *Cémin.

24.5 Morphological characterization.
For = optical microscope analysis, 2 solurion of varicas blends (rr-PIHT/Cy,, m-PIHT/PSFY, rd-PIHT/Cy and rd-
P3HT/PSF) with a vatiety weight ratios of the fullerene based materisis (20, 60, 80 and 100 pph) was spin-coated
onto the glass slide {1,000 rpm for 60 s&c), st room temperature fo obtained 100 am thick film. Of note, the sotvents
wsed for dissolving the blends cantaining n-P3HT and rd-P3HT are dichlorobenzens and toboene/THF (60/40 %x),
respectively. After that, e solvent was evaparated and removed by drying the film at 80 “C for 1 kr, followed by
annesling af room temperature overmght.

The morphology of the various bleods were akso examined by nsing s Atomic Force Microscope (Digital
instrament), scanning probe micrescope (Nano scope I). Ssmples were prepared by spin costing on a glass shide.

An AFM image was cbtained using a pbase image- tapping mode.

2.4.6 Cyclic Volrammetry.
Cylic voltammetry was performed with a Potentiostat (Auto Lab 302N) machine, using acetonitrile solution with
0.1 M tetrsburylammonivm hexsfruoroborate [BNBE,] as a supporting electrolyte. Piatinum wire was nsed gs 2

counter electrode, whereas glassy carbon and Ag/AgNO; were used 25 8 working electrode and reference electrode,
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respectively. The films of the polymers were costed onto the glassy carbon working electrode. The sohaion was de-
serated by bubbling with nitrogen prior 0 CarTying out the experiment. The CV" experiments have been repeated for
three times for each sample.

From the obtained cyclic voltsmmogram, the cuset axidarion potential and the onset reduction potentisl
were determined. Subsequently, the highest occapied moleculsr orbital (Byguc), the Jowest unoccupiad moleculsr
orbital (E;)n4) snd band gap energy of the semicondncting materials were calculated using the following equations

6.

Eqoso (V) = -(B +439) @

Band Gap Enetgy (V) = - (Bugwcs - Bunay) 3)

3. Results and discussion
3.1 Preparation of the poly(shrene-chicromethyl sgrane) copolymer.
Fig. 3 shows 'H-NMR spectra of product obtined from copolymerization of styrene and chioromethylstyrene
{CMS) with TD iniferter. From the spectram, a chemics] shift of the benzyl chloride protons (CH, of CMS repeating
umits) occwrs st 4.2 ppm The NMR pesk at 7.2 pom can be ascribed to the mitha- and paro-aromatic protons of
both PS and PCMS repeating units whereas the pesk over fhe chermical shift ranged between 6.5 and 6.8 ppm is
attributed to the artho-protons mthemmﬁcring:.mmmcamsiﬁmms‘e\mmmedfmmthemmgaﬁmof
benzyl chlonide protous (st 4.2 ppm) sud comparison with the sum of the integral for all ortho- aromstic protons
(6.5-6.8 ppm). The sbove calculation has also been wsed by Stancik ef al. in a related study 71

In sddition, XRF experiment was carried out to deternzine Cl conrent (representing the PCMS repeating
wmirs) in the varions copolymer molecules. The results are surmmarized in Tsble 1. Similarly, percentage Cl content
tends to increase with the CMS monomer feed ratio, except that for the copolymer Nod. In this case, the
disaepan:ycou!dbeamhmdtowmeﬁzmmchassretaﬁmtylowmoleculsrmightofthecopolymeundthe
fact trat the XRF is a kind of surface analysis. It might be possible that compasition on the specific surface does not
Tepresent that of the whole bulk material In addition, the present of sulfur can be wsed as sn evidence of

thiocarbammate group or capping agens at the chain end.
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3.2 Preparation of the fullerenc grafted polysirene (PSFuj.

Fig. 4 shows querizid FTIR spectra of PS-r-PCMS copatymers both before and after rescting it with fullerene via an
ATRA mechanism An FTIR spectrum of the product shows two new weak transmission bands at 528 and 577 an”,
which represent the characteristic of the fuflerene bonded polymers. The similar FTIR spectral changes have been
aloo reported by W ef al. in a study on a synthesis of C; end-fimctionelizad four-armed PS [8]. In sddition, Fig. §
shows UV-Vis absorption spectra of PS-1-PCMS copotymer (No.1) and the corresponding fullerene functiomalized
copolymer [PSFu]. The spectrum of the PS+4-PCMS copolymer shoms a small absorption pesk at & wavelength of
sbout 320 nm, which is atribared to the thiocarbamate group. In sddition, the spectrum of the PSFu shows a strong
absorption pesk a3t sbout 335 mm. which cowld be ssaribed to the fulierene groups covalently bonding with the
copolymer molecules.

Fig. 6 shows overlasid TGA thermograms of different types of PSFu capolymers obtained by reacting
fullerene with vanious types of the sbove PS-r-PCMS copolymers. The TGA thermogram of PSFu copolymer No. 3,
for exarmple, indicates almost 20% weight loss over temperstares ranging between 240 and 400 °C. This weight loss
could be due to the decoaposition of the polystyrene repeating units, Next, there is a second transition {40% weight
lnss) oocurring over temperstures ranging between 400 and 600 °C and thet could be related to the decomposition of
poly(chloromethylstyrene) fPCMS] repesting uaits. Finsily, the amount of residue left 2t 600 °C and the sbove
temperature represent the weight percentsge of fullerene attached to the polymer chains. The residue was thought
10t £ be un-reacted fullerene given the fact that the synthesized polymer hes been pwified and freed from the un-
reacied follerens by washing with bexane, Similarly TGA analyses of otber types of PSFu were also catried our snd
the fullerene content in each PSPu polymes is sumimsrized in Table 1.

At this stage, it is worth mentioning that different grades of the prepared PSFu exhibit different solubility.
For exampie, the PSFa prepared using PS-+-PCMS copolymer No. 4 wss not completely sofuble in magy common
solvents. However, the PSFu copolymers prepered using PST-PCMS copolymess No. 1-3 were found to be well
soluble in THF:Toleene mixture (60/40 %ovAv), which wes used as the co-solvent for fabricating the polymer solar
cells in this stady. The sbove phenomena might be related to the fact that each PSFu copolymer contins different
PCMS compositions and different percentages of the fiullerene group. In s regard, it could be possible that the
higher the fullerene content, the grester fhe aggregation of the fullerene groups. In addition, it is conceiveble that the
pendant fullerens grouwps act a5 @ cross-inker, aftaching two polymer chzins together, Similar behaviors were
observed by Chen ot al. {3] in 2 study on a synthesis of P3HT-grqft-PSFu copolymers and by Stalmach et al. [9] ina

stady on the synthesis of PPV-PSFu diblock copolymers. According to the shove litersture, insolubility of some
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copalymers was observed and the result was discussed in the light of gosslinking of the fullerene groups. In relation

to this study, no firther attempts were made to fabricate and test this fnsoluble polymer product (copolymer No.4).

3.3 BOMO-LUMO encrgy iove's and band gap energy of PSFu

Table 2 summarizes the HOMO-LUMO energy levels and band gaps energy of various PSFu polymers and related
materials. It ¢sn be seen that HOMO and LUMO energy levels of @ll the PSFa are lower than those of the P3HT. It
was slso found thst the band g2p energy of these polymers was comparable to that of the pure follerene (Cy)
determined by using the same technique. The above results indicate that it is possible to explore the wse of these
PSFu msterials as an acceptor phase in a BHY cell Notably, the band gap epergy of these PSFu polymers ranges
between. 2.81 and 2.95 €V, depending on the copolymer's composition and the 2ctual C,, content. It seems that the
band gap epergy of PSFu copolymers teads to decrease with increasing C,, content. In this regard, PSFu copolymer

No. 3, which has the Jowest band gsp energy, was selected for farther stady.

3.4 Morphalogy of the blends.

Fig. 7 shows optical micographs of 74-P3HT blended with different types and smount of fullerene base
masterials. A larger sizs of the fullerene (dark phase) can be clearly seen when e Gy was used Fig. 7(2)- 7(1)).
This indicates some aggregation of the material. On the other hand, optical micrographs of the blend conrsining
PSFu show s smuatler particle size with 2 better distribution of the dsrk phase, which represents the PSFu [Fig. 7(c)-
Gy

For & compsrisen parpose, opticsl micrographs of various m-P3HT bleaded with different types and
amount of fullerene based materials were examined (Fig. 8). The dark phase representing the fullerene is dispersed
within the contimmous polymer matrix phase. By incressing the content of fuflerene the size and srea of the follerens
phase incressed, suggesting that grester fallerene aggregation had occrmed (Figs. 8 (2)-8 (¢)). On the other hand,
Figs. 8 (d)-8 (f) indicste that PSPu are poorly miscible with the mPIHT in this case. The bright phase, representing
PSFu, cbviously incressed with the content of PSFu.

The different morphology of the blend containing different type of P3HT might be partly attributed to a
sotvent effect. This is due to the fact that the solubility of rd-PIHT and 7r-P3HT is different. In the former case (rd-
P3HT system), a co-sotvent conmprising THF/roluene mixture (60/40 % vAv) was used. By contrast, dichlorobenzens
was used to dissoive and prepare the blend commsining rrP3HT. In this regard, it seems that the THFAokoens

mixture, which 5 4 good co-solvent for rd-P3HT, also favars the solubility of PSPu Consequently, the blends with
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finer and well dispersed phase separsred morphbology mey be obtzined On the other hand  dichlorobenzene which is
& gpod sokent of electronic grade rr-P3HT also promotes a better solubility and prolongs some sggregstion of the
Cow

Last bat not least, some changes in morphology of the P3HT/PSFa blends as a function of PSFu cantent are
worth considering. Fig. § shows AFM micrographs (phase image mode) of the variows blends contsining different
type of PIHT'. It can be seen that the morphology of the /-P3HT.PSFu blends contsining 20 pph of the PSPu are of
dispersed particle morphology type. A nano-scale PSFu pbase was dispersed within the P3HT contipuows mstrix
phase (Fig.@ (s)). By ingeasing PSFu content, the size of the bright domains, which represeat the PSFu phase,
increased At 60 pph of the PSFu content, the gross phase separsted marphology was obtained (Fig. ¢ (b)). By
further incregsing the: PSFu comtent from 60 pph to 100 pph, the morphology of the blend changed significantly,
from the disperse particle motphology into 8 co-contimaous morphology (Fig. 9 (0)-9 ().

On the contrary, Fig. 10 show that PSFu pbase m rd-P3HT/PSFu blend, (Fig 10 (8)b)) was finely
dispersed in the matrix. Phese size of the PSFu tends to increase with the PSFu content but that was not as large as
that in the /»P3HT/PSFU system (Fig. 9). Results from AFM sre in 2 good sgreement with thar ffom optical

mitrograph and re-affitm our shove discassion.

4 Conclasions

Attempts have been made to prepare fullerene functionslized polymer, nsmely PSFu. Results from spectroscapy
techniques, snd TGA confirmed that the sbove PSFu copolymers, with s variety of composition snd fallerene
content, were successfally synthesized. By blending e fullerens besed msterisls with regio-random grade PIHT, It
was found that eggregetion of fllesene phase dacressed when PSFu wes used gs a replacement of C,,. This was not
the case when 2 regio-regular grade P3HT was wsed a5 a donor material The differences can be ascribed in fhe light

of solvent effects.
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