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Intr oduction
Polymeric C60 derivativesare highly intriguing in that
they have extraordinary properties on conducting, mag-
netic, photochemical, electrical,[1, 2] and microtribologi-
cal[3] aspects.Various possibilities[2] have beenreported
on the synthesis of thesederivativesduring recentyears.
However, many of the derivatives are crosslinked and
non-processabledue to multisubstitution. In order to
improve the processability, it is necessary to obtain the
monosubstitutedproducts.So far, reports on monosubsti-
tuted products are basedon the reaction of functional
polymers with C60, for example, azido-terminatedpoly-
styrene,[4] amino-terminated polystyrene,[5] and TEM-
POL-terminated polystyrene (TEMPOL = 4-hydroxy-
2,2,6,6-tetramethylpiperidinyloxy).[6]

With theintroduction anddevelopmentof atom-transfer
radicalpolymerization (ATRP),[7] thissimpleandeffective
methodhasgained increasing interest.In this paper, we
give an accountof the synthesisof C60 end-capped poly-
styrene(PS-C60) by ATRP. To determinethe structureof
thecopolymer, weusedMALDI- TOFMS,sinceit is afast
and simple technique for qualitative chain-end analyses.
Recently, severalgroups reportedon the characterization
of polymersby meansof MALD I MS.[8–10]

Experimental part

Materials

Styrene and toluene were distilled before use. Copper(I)
bromide (CuBr), fullerene (C60, 99.9 wt.-%), 1-phenylethyl

bromide (1-PEBr), 2,29-bipyridine (bpy) were used as re-
ceived.

Synthesisof bromo-terminatedpolystyrene

Thepolymerizationwascarriedout accordingto a procedure
reportedby Wang.[7] A reddishbrown mixture of styrene,1-
PEBr, CuBr (1 molar equiv. relative to 1-PEBr),andbpy (1
molar equiv. relative to CuBr) wasdegassedin a glasstube
by severalfreeze-thawcyclesundervacuum,then the tube
wassealedoff and immersedin an oil bathat 1108C. After
8 h reactiontime, the solution was very sticky. It was dis-
solvedin trichloromethane(CHCl3) andfiltered. Understir-
ring, the solution was addeddropwise into an excessof
methanol.The polymerswere isolatedby filtration, washed
with methanol,and dried. The data of the polymerization
were summarizedin Tab.1, and the generalsyntheticroute
is shownin Scheme1.

Synthesisof C60 end-cappedpolystyrene

The reactionwas carried out by mixing bromo-terminated
polystyrene,fullerene (C60), CuBr and bpy in a glasstube
with toluene.An excessof C60 wasusedaccordingto Weis.[5]

In all reactions,a ratio of 1.5:1 C60/bromo-terminatedpoly-
mer was used.The solution was degassedby freeze-thaw

Communication: The ATRP (atom-transferradicalpoly-
merization) processwas used to synthesizeC60 end-
cappedpolystyrene.GPCdatademonstratedthat fullerene
(C60) waschemicallybondedto polystyrene,andC60 was
mostlikely monosubstituted.Matrix-assistedlaserdesorp-
tion/ionization-timeof flight (MALDI-T OF) massspec-
trometry (MS) analysis (with 1,8-dihydroxy-9(10H)-
anthracenone(dithranol)/silver trifluoroacetate as the
matrix) of this copolymerprovedthat C60 wasmonosub-
stituted.
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Tab.1. GPCanalysisof polystyrenesynthesizedby ATRP.

Sample Reaction
time in h

M
—

n M
—

w PD Conversion
in %

PS-I 20 2060 2980 1.45 64.9
PS-II 20 2550 3580 1.40 84.5
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cyclesundervacuum.Thetubewassealedoff andimmersed
in anoil bathat 1108C for 12 h. A control sampleusingPS-
II was preparedunderthe sameconditions.After filtration,
the solutionwasaddeddropwiseinto an excessof methanol
understirring. The resultingprecipitatewasdissolvedin tet-
rahydrofuran(THF) to removeunreactedC60, andTHF was
then removedby rotary evaporation.The so obtainedcrude
polymer consistsof a mixture of polystyreneand C60-poly-
styrene. Thin layer chromatography(silica) was used to
separateC60-polystyrene from polystyrene; a mixture of
toluene,tetrachloromethaneand aceticacid (1:1:0.25) was
usedasthe eluent.C60-polystyrenewasreceivedasa brown
powderwith a yield of 35–37%.Thedataof thereactionare
summarizedin Tab.2, and the general synthetic route is
shownin Scheme2.

Gel permeationchromatography(GPC)

GPC was performedusing a Watersapparatusworking at
358C with stabilizedtetrahydrofuran(THF) astheeluentat a
flow rate of 1 ml N min–1, equippedwith threeStyragelcol-
umns(HT2, HT3, HT4), and with polystyreneas standard.
Differential refractiveindex detectorand UV detectorwere
usedrespectively.

MALDI-TOF massspectrometry

MALDI-T OF MS was performedusing a Bruker time-of-
flight massspectrometer. The instrumentwasequippedwith
nitrogenlaser(337 nm), delayedextractionand reflector. It
wasoperatedat an acceleratingpotentialof 20 kV in linear
mode. The MALDI massspectrarepresentaveragesover
100 consecutivelasershots(3 Hz repetitionrate).The sam-
ples(10mg/ml),dithranolmatrices(20mg/ml) andsilver tri-
fluoroacetatesolution(10 mg/ml) wereall preparedin THF.
The ratio of thesampleto matriceandsilver trifluoroacetate
is 10:10:1. A 2 ll portionof thefinal solutionwasdeposited
onto the sampletarget andallowedto dry at room tempera-
tureandambientatmosphere.

Resultsand discussion
All samplesweredissolvedin THF giving goldenbrown
solutions. According to Weis[5] andWang,[6] we usedthe
GPCequippedwith a UV detector at 350 nm to demon-
strate that C60 and polystyrene are chemically bonded
because polystyrene can be detected only at 254 nm,
while PS-C60 copolymercan be detected at wavelengths
ranging from 300 to 350 nm. Fig. 1 shows the GPC
results utilizing theUV detector. In contrastto thecontrol
sample from PS-II, it becomesclearthatC60 andpolysty-
rene arechemically bonded.Comparing Tab.1 andTab.2
reveals that the molecular weights of C60 end-capped
polystyrene[PS-C60(I, II)] arejust similar to their bromo-
terminated precursors[PS-I, II]: each one increasedin
about 1000 in molecular weight. This means that most
likely one bromo-terminated polystyrene molecule

Scheme1.

Scheme2.

Tab.2. GPCanalysisof C60-polystyrenesynthesizedby ATRP.

Sample Reaction
time in h

M
—

n M
—

w PD

PS-C60(I) 20 2960 3890 1.31
PS-C60(II) 20 3340 4400 1.32
PS-IIcontrol 20 2340 3680 1.57
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reacted with one C60 molecule resulting in monosubsti-
tutedC60.

With respect to MALD I-TOF studies, it was reported
by Charleux[8] thatno polymer hasa single,narrowmolar
massdistribution, although MALDI- TOF massspectra
shouldgive resultssimilar to thoseby means of GPC.In
order to comparewith C60-polystyrene,samples of mix-
tures of polystyrene [PS-(I,II)] and powdered C60 were
studiedusingMALDI- TOF. It is shownin Fig. 2 that C60

canbeobviously observedat m/z= 720,andweattributed
two principle ion series of polystyrenewhich canbe dis-
tinguishedandassigned as:

Interestingly, no polymer with bromo end group was
detected. It may be probable that the covalent bromo-

linkagewaseasily broken in the processof analysis. No
bromoendgroupcouldbedetected with thedithranol/sil-
ver trifluoroacetatematrix.

MALD I-TOF spectraof the C60-polystyrene samples
presentedin Tab.2 areshown in Fig. 3. With thestructure
of series B andthe existenceof methyl group fragments
in thehigh laserenergy field, we tentatively attribute that
the bromo-terminatedpolystyrene subsequently reacted
with C60 underrearrangementof 1CH3 to the thermody-
namically moststable isomer. The principle ion series of
C60-polystyrenecanbedistinguishedandassignedas:

Fig. 1. GPCcurvesof PS-C60(I,II) andcontrol PS-II measured
with a UV detectorat 350 nm (A: PS-C60(I), B: PS-C60(II), C:
controlPS-II).

Fig. 2. MALDI -TOF massspectra obtainedwith dithranol/sil-
ver trifluoroacetate matrix for polystyrene samples PS-I,II
mixedwith C60.
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Onefurther seriesis evidentbut hasnot beenassigned
yet. Still the bromo end group can not be detected this
way. But from the MALDI data,we canbe surethat C60

wasmonosubstitutedsincethedataarein agreement with
eachother. Tab.3. shows the correspondingmassesfor
thethreeseriesA, B andC.

Conclusion
C60 end-cappedpolystyrenewassuccessfully synthesized
by the ATRP method. MALD I-TOF massspectrometry
characterization of the samples with dithranol/silver tri-
fluoroacetateas the matrix demonstrates that C60 was
monosubstituted. However, the mechanism of the frag-
mentationneedsfurtherresearch.
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Fig. 3. MALDI -TOF massspectra obtainedwith dithranol/sil-
ver trifluoroacetatematrix for C60-polystyrene samples PS-
C60(I,II).

Tab.3. MALDI -TOF experimental molar massesof Ag+-
ionizedsamples(dithranol/silver trifluoroacetatematrix).

Observedmasses Identified
series

Samplesincluding
theseries

1358,1462,1566... seriesA PS-I, PS-II
1373,1477,1581... seriesB PS-I, PS-II
2302,2406,2510... seriesC PS-C60(I), PS-C60(II)


