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ABSTRACT

Fullerene C60 functionalised polymers (FFPs) have found numerous applications from
photovoltaic devices to materials for photodynamic therapy. Polymer end-capping is
one way to fabricate FFPs since it provides enhanced control over the macromolecular
architecture and composition. This paper reports, for the first time, a facile, metal
catalyst-free approach to FFPs where polymers, generated by reversible-addition
fragmentation chain transfer (RAFT) polymerisation, were coupled to a fullerene
derivative through chain-end functionality, provided by the chain transfer agent without
further modification. Two routes to a fullerene derivative were compared — based on
Prato reaction and Diels-Alder cycloaddition. The Diels-Alder route exclusively yielded
the mono-addition product, whereas the Prato route resulted in a mixture of mono-
and diadducts which required further separation. This elegant combination of well-

defined RAFT polymerisation and precise Diels-Alder addition allowed one to obtain



fullerene end-capped polymers within a wide range of molecular masses (from 5,000

to 50,000 g/mol).

INTRODUCTION

For more than 30 years since the discovery of the fullerene molecule,* fullerene-functionalised
materials have been attracting significant research interest due to the many fascinating
properties of fullerenes such as photoconductivity,>* photorefractivity,® high electron affinity
(particularly useful for photovoltaic devices),®®° antioxidant properties®!! and their ability to
generate singlet oxygen. *? Combined with the tunability, flexibility, plasticity, solubility,
processability, biocompatibility or biodegradability of polymers, these properties make
fullerene-functionalised polymers (FFPs) an incredibly diverse group of materials with an

extensive range of existing and potential applications.

Various approaches have been used to functionalise a polymer with a C60 molecule,*® the
most common being: (i) grafting C60 onto the polymer through pendent groups'#-*¢ and (ii)
attaching a fullerene derivative on the end of the polymer chain (so called ‘end-capping’). The
former approach, although providing a significantly higher loading of fullerene molecules per
polymer chain, allows little control over precise grafting density and thus over the final fullerene
content. On the other hand, the latter approach is limited to one C60 molecule per chain (or
two if the functionalisation occurs at both polymer termini) but gives a better control over the
molecular composition and structure of the final polymer. Generally, fullerene functionalisation
requires elaborate multi-step chemistry procedures due to the poor solubility of fullerenes in
low-boiling point solvents, its UV-light and air sensitivity, affinity to dimerisation, formation of
unpredictable by-products, poor control over the addition stereochemistry and difficulties with

purification and characterisation due to large molecular volume and mass.1’~1°

Most of the chain end-capping reactions employ [6,6]-phenyl-Cs:-butyric acid (PCBA) which

is coupled to hydroxy-functionalised polymers via Steglich esterification.®1>2%21 Although



efficient, the procedure normally requires additional steps of demethylation of commercially
available [6,6]-phenyl-Cs:-butyric acid methyl ester (PCBM), and functionalisation of the
polymers with the appropriate chain end. To reduce the number of steps, one can exploit
controlled polymerisation methods, such as reversible addition-fragmentation chain transfer
(RAFT) or atom transfer radical polymerisation (ATRP) to produce polymers with designated
chain end groups in addition to having control over molecular mass and dispersity.?22® A
notable example of addition of fullerene to a chain end involved azide-alkyne click chemistry,
where alkyne-functionalised fullerene was reacted with a polymer bearing a terminal azide
group.?*#? The polymers were generated via ATRP and thus boasted low dispersity and
controlled molecular mass, however, the overall functionalisation procedure had at least four
steps: (i) polymerisation; (ii) conversion of the brominated polymer end (intrinsically generated
during ATRP) into an azide group; (iii) synthesis of alkyne-functionalised fullerene and (iv)
click coupling. To reduce the number of steps, it is possible to directly react the polymer-Br
with C60, using a copper (or Grignard) catalyst.?5-2¢ This approach poses two major problems
as it typically gives rise to a hnumber of by-products as a result of multiple polymer attachments
onto one fullerene molecule!”?*3! and any residual metal can detrimentally affect the
performance of the material (e.g., within organic electronic devices) or significantly increase
its toxicity. Ideally, metal-catalysed reactions should be avoided to negate the requirement of

extensive purification.

In this report, an elegant and simple method is demonstrated to cap a polymer chain end with
a single C60 molecule without the use of metal catalyst or extensive purification. As a
demonstration of this approach, catechol-inspired metal-binding polymers with controlled pre-
determined molecular mass have been generated by RAFT, which afforded chain end
functionality necessary for simple attachment of the polymer to a well-reported Diels-Alder
fullerene derivative. This method generated fullerene-functionalised polymers in a manner that
allowed control over the mono-addition of a fullerene to the polymer whilst controlling the

molecular mass of the whole macromolecule. In contrast, a comparative method using



fullerene derivatives generated by the Prato reaction resulted in a mixture of mono- and di-
adducts which required further separation and purification of the product, demonstrating the
advantages of the Diels-Alder route for exquisite control over the synthesis of polymer-
fullerene coupled materials. Moreover, as our approach employs a RAFT-generated
macromolecule, this method is amenable to a wide range of monomer building blocks with
ultimate control over the final molecular mass, composition and architecture of the desired

polymer construct.
EXPERIMENTAL

2.1 Materials

Poly(3,4-dimethoxystyrene) (PDMS, M, ~ 5,000, 10,000 and 50,000 g/mol) was synthesised
according to our previous report *2. Fullerene C60 (Solenne BV), 4-hydroxybenzaldehyde
(98%), sarcosine (98%), 2-(trimethylsilyloxy)-1,3-butadiene (98%), diisobutylaluminium
hydride (DIBAL-H, 1.0 M in cyclohexane), N,N'-dicyclohexylcarbodiimide (DCC, 99%), 4-
(dimethylamino)pyridine (DMAP, ReagentPlus®, 299%), triethylamine (TEA, 299%), carbon
disulfide (anhydrous, =299%), 1,2-dichlorobenzene (anhydrous, all Sigma Aldrich),
dichloromethane (DCM), toluene, hexane and methanol (all Fisher Scientific, Laboratory

grade) were used as received.
2.2. Synthesis of poly(3,4-dimethoxystyrene)

Poly(3,4-dimethoxystyrene) (PDMS, M, ~ 5,000, 10,000 and 50,000 g/mol) was synthesised
according to our previous report with modifications.*> The following example describes the
polymerisation of DMS with a target degree of polymerisation, Dp of 30 (M,~5,000 g/mol); this
is representative of all DMS polymerisations undertaken in this work. AA 50 ml round bottom
flask equipped with a magnetic follower bar was charged with a mixture of DMS (6 g, 36.54
mmol), AIBN (10 mg, 0.06 mmol), DDMAT (444 mg, 1.22 mmol), and THF (12 mL). The flask
was sealed with a rubber septum, and the solution was stirred and purged with nitrogen for 15

min, following which the flask was placed in an oil bath at 60 °C. After 24 hour stirring, the



polymerisation was cooled rapidly to 0 °C to allow immediate termination. 30 mL of THF was
added, and the resulting solution was precipitated in 500 ml of hexane. The precipitate was
collected by filtration, washed with hexane several times, and dried in vacuo to obtain a pale

yellow powder.

2.3 Synthesis of fullerenol precursor (FULP-OH) (Route 1)

A mixture of C60 (200 mg), 4-hydroxybenzaldehyde (40 mg) and sarcosine (1.0 g) in 1,2-
dichlorobenzene (60 mL) was stirred overnight at 150 °C under a nitrogen atmosphere. The
solvent was removed by rotary evaporation under reduced pressure. The crude product was
purified by silica gel column chromatography with toluene to toluene:methanol (1 to 1:1) to
afford a brown solid (170 mg, yield 70%). *H NMR (3, benzene-ds+MeOD): 7.6 (2H, d), 6.8

(2H, d), 4.9 (1H, d), 4.65 (1H, s), 4.25 (1H, d), 2.4 (3H, s).

2.4 Synthesis of fullerenol precursor (FUL-OH) (Route 2)

Procedure adapted from An et al.'? with modifications. 1.5 mL of 2-[(trimethylsilyl)oxy]-1,3-
butadiene was slowly added via a syringe pump to a refluxing solution of 1.0 g (1.39 mmol) of
fullerene C60 in 400 mL of dry toluene under inert atmosphere. After addition, reflux was
continued for 24 h and the reaction mixture was cooled to room temperature. The solvent was
evaporated in vacuo and the solids were redissolved in the minimum amount of CS; and
charged to a silica gel column overnight. After silica gel hydrolysis, unreacted fullerene and
product were separated by flash chromatography with hexane/CS; 2:1, then with toluene. The
obtained brown powder was dried in vacuo to yield 430 mg of FUL=0 (39% vyield). 200 mg
(0.253 mmol) of FUL=0 was dissolved in 20 mL of dry toluene. 0.8 mL (0.8 mmol) ofa 1.0 M
solution of diisobutylaluminium hydride (DIBAL-H) in cyclohexane was added dropwise. The
reaction mixture was stirred for 3 h at room temperature and then stirred with 40 mL of
saturated sodium chloride for 2 h. Subsequently, the organic layer was separated and the
aqueous layer was twice extracted with 50 mL of toluene. Combined organic phases were

dried and the solvent evaporated. The dry residue was purified by flash chromatography



(toluene) to yield 170 mg (85%) of the black solid. *H and *C NMR data are discussed further

herein.
2.5 Synthesis of fullerene-linked poly(3,4-dimethoxystyrene) (PDMS-FULP or PDMS-FUL)

A round-bottomed flask, equipped with a magnetic follower, was charged with 500 mg of
PDMS with molar mass ca. 5,000 g/mol (ca. 0.100 mmol) and 0.140 mmol of fullerenol
precursor. The contents of the flask were dissolved in dry toluene and dichloromethane (4:1)
upon sonication. DCC (29 mg, 0.140 mmol) and DMAP (17 mg, 0.140 mmol) were added to
the solution. The flask was sealed, purged with nitrogen through a needle and then its contents
stirred for 38 hours at 60 °C. Once the resulting mixture was cooled to room temperature, it
was filtered and the solvent was subsequently evaporated. The solids were redissolved in cold
THF (5 mL), filtered, washed with cold THF and concentrated before precipitating into cold
hexane (200 mL). Finally, the precipitate was collected by filtration, washed with hexane
several times and dried in vacuo to obtain a brown powder (577 mg, yield 96%). The same

procedure was employed to obtain PDMS-FULP.

2.6 Characterisation

'H and ¥C NMR spectra were recorded using a Bruker NMR spectrometer (300 MHz). All
chemical shifts are reported in ppm (8) and referenced to the chemical shifts of the residual
solvent resonances. Fourier transform infrared (FTIR) spectra were obtained using attenuated
total reflectance (ATR) on a Thermo Nicolet 380 FTIR spectrophotometer over the range
4000-500 cm™ for 32 scans with a resolution of 4 cm™. Number-average molecular mass
(M) and dispersity (Mw/Mn, D) were measured using gel permeation chromatography (GPC)
(flow rate 1 mL/min) with a refractive index (RI) detector through three PL gel 5 mm 300 x 7.5
mm mixed-C columns using a degassed THF eluent system containing 2 % (v/v) TEA. The
system, operating at 40 °C, was calibrated with narrow polystyrene standards (M, range = 162
to 6 035 000 g/mol). All data were analysed using PL Cirrus software (version 2.0) supplied

by Agilent Technologies (previously Polymer Laboratories). M, was also evaluated using H



NMR spectroscopy (via end group analysis). Thermogravimetric analysis (TGA) was
performed on Pyris 1 TGA instrument under nitrogen atmosphere with a heating rate of 10
°C/min. For MALDI analysis, Bruker Ultraflextreme TOF instrument equipped with a nitrogen
laser (337 nm) laser was operated in linear positive mode ion mode, between m/z 3000-10000.

Dithranol was used as matrix and sodium iodide as a mild cationising agent.

RESULTS AND DISCUSSION

The synthesis of fullerene-functionalised polymer involved three steps (Scheme 1): (i) RAFT
polymerisation; (ii) synthesis of hydroxy-functionalised fullerene (fullerenol) via either route 1
or route 2 and (iii) Steglich esterification to couple the polymer to fullerenol. As a first step,
RAFT polymerisation of 3,4-dimethoxystyrene (DMS) was employed to produce the polymer,
PDMS, as previously demonstrated by our group.®> PDMS, chosen as an exemplar in this
study, has found multiple uses as a precursor to its dopamine-like hydroxylated analogue or
due to its own intrinsic metal-binding properties.32** However, it is important to note that RAFT
is nhot exclusively limited to PDMS and is capable of polymerising a wide range of versatile
monomers, from sulfonated styrenics, chlorinated divinyl moieties and elaborate quinoline
derivatives to a whole host of stimuli-responsive monomers.?34-3° Moreover, RAFT permits
the fabrication of well-defined polymers with high monomer conversion and low molar mass
dispersity over a range of molecular masses.?*4%*3 The chain transfer agent (CTA), the key
reagent in the RAFT polymerisation, provides chain end functionality, allowing, in the case

herein, PDMS to be furnished with a terminal carboxylic acid group [step (i)].

The second step of the procedure was the fabrication of a hydroxy-functionalised fullerene
derivative via one of two possible routes, denoted as fullerenol FULP-OH or FUL-OH (for route
1 or route 2, respectively). To identify the simplest, most appropriate and straightforward
method, two well-reported routes were tested, based on two different types of cycloaddition;

the Prato reaction (route 1) and Diels-Alder cycloaddition (route 2).



The third step consisted of coupling the products from steps (i) and (ii) (obtained by either
routes 1 or 2) using DCC as an acid-activating reagent and DMAP as a base. To achieve
addition of the fullerene moiety to every polymer chain in step (iii), excess fullerenol (FULP-

OH/FUL-OH) was used.
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Scheme 1. Synthesis of fullerene-coupled PDMS via two routes. Route 1 involves a Prato

reaction to generate fullerenol (FULP-OH) and yields PDMS-FULP, whereas Route 2



proceeds through a Diels-Alder fullerene derivative (FUL-OH) to yield PDMS-FUL. The

scheme for generation of route 1 and route 2 precursors is also presented.
Route 1

The Prato reaction was carried out according to previous reports, using amino acid sarcosine
and hydroxyl-functionalised benzaldehyde to generate azomethine in situ.**4> Furthermore, 4-
hydroxybenzaldehyde, which provided the alcohol moiety for the final product, did not require
protection, thus the reaction proceeded in one simple step. The product, FULP-OH, was then
coupled to PDMS polymer via Steglich esterification to yield PDMS-FULP. Success of the
coupling reaction was confirmed by *H NMR spectroscopy (Figure 1) and gel permeation
chromatography (GPC) (Figure 2). The *H NMR spectrum shows the characteristic peaks for
methylene protons of the pyrrolidine cycle of the Prato derivative (labelled as a, b and ¢ in
Figure 1) and N-methyl protons (labelled as f) in the coupling product, although H, is partially
obscured by the methoxy proton peaks originating from the PDMS repeat unit. The
corresponding benzene ring proton peaks (e and d) are no longer discernible in the spectrum
of the coupled product since the concentration of these protons decreases whilst their
chemical environment changes. Accordingly, the peaks appear to have shifted and/or
broadened so that they have become obscured. Notably, the peaks a and b in the FULP
product have significantly different chemical shifts due to their corresponding cis and trans
positions. The ¥*C NMR spectrum of PDMS-FULP (Figure S2, ESI) is essentially a
combination of the *C spectra of PDMS and precursor FULP-OH, with a broad pattern for
guarternary carbon peaks of the non-symmetrical fullerene, again corroborating the success

of the coupling reaction.
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Figure 1. *H NMR spectra of the FULP starting material (a) and PDMS-FULP product (b).
Residual solvent peaks are labelled with asterisks. For simplicity, only the structure of the

monoadduct is shown in (b).

The GPC traces in Figure 2 show a complex peak pattern which does not agree with the
expected monotonic shift in retention time. Firstly, the initial GPC peak has been shifted
towards much higher molar mass, as expected from addition of a C60 molecule (~ 1,280 Da).?*
Secondly, the peak pattern of the GPC trace is characteristic of two distinct polymer products

with a two-fold difference in molecular mass, as obtained from peak deconvolution. This rather



unexpected complex GPC pattern is attributed to both mono- and bis- addition of PDMS chains
onto a single fullerene precursor and is clearly a result of the double functionalisation of the
fullerene in the Prato reaction. The possibility of multiple additions in the Prato reaction is low,
but not excluded, as demonstrated elsewhere,*® thus the bis-adduct is an unavoidable reaction
product that can be difficult to discern by NMR spectroscopy, and could only be observed
during characterisation of the final PDMS-FULP coupled material. The ratio of the bis- to
monoadduct is approximately 0.8 to 1 as estimated from GPC peak deconvolution.
Additionally, no residual unbound PDMS was observed, indicating that conversion of PDMS
into either of PDMS-FULP adducts was quantitative. A slight aggregation-induced shoulder is

observed at early retention time for (PDMS).-FULP peak.

(a) : POMS-FULP g (b) L '
L —POMS
' PDMS
3 .PDMS-FULP /( 80 .
S ] ¢ "
n’ | > ‘i 60 - \ 2
£ (PDMS),-FULP 2
# 100} o \
@ =
A I 2 T \ 1
8 o A = \
ol = =PDMS \
| [ em—PDMS-FULP \ I 7]
J a ML SPRT OS] R | \. -

100 200 300 400 500
Temperature (°C)

Retantion tme (min)

Figure 2. (a) GPC traces of the starting material PDMS and the resulting PDMS-FULP
product. Deconvolution traces are also shown as dotted lines, representing the (PDMS),-
FULP bisadduct and PDMS-FULP monoadduct. (b) TGA curves of PDMS (dashed line) and

PDMS-FULP (solid line) product.

Thermogravimetric analysis of PDMS and PDMS-FULP (Figure 2b) was performed to
analyse the char content, indicative of the fullerene content.®4’4® TGA has shown that

precursor PDMS decomposed with 0.5% residual char, whereas PDMS-FULP demonstrated



a higher char yield of 8.9%, attributed to the residual C60, however, smaller than expected for
mono-addition of a single polymer chain onto one fullerene molecule (12.6%+ 0.5% = 13.1%),
thus in agreement with observations from GPC that di-adducts were also generated during
the Prato route (route 1). Importantly, the onset of PDMS-FULP major decomposition is shifted
to later time (405 °C) as compared to pristine PDMS (323 °C). As previously demonstrated,
the carboxylic acid group of the PDMS is labile at high temperatures and the esterification of
this bond leads to a decrease in this lability.*® Additionally, fullerene possesses a high radical
scavenging capability and appears to retard degradation associated with radical formation

within the polymer.#’

The results of elemental analysis also confirm the presence of di-adducts in the final product,
where the experimental carbon content is lower than theoretical and the content of sulfur and
oxygen is higher, corroborating that more than one chain of PDMS was added onto a fullerene

molecule (see ESI).

Route 2

Route 2 was based on well-reported Diels-Alder cycloaddition reaction which proceeded in
two steps.224%0 First, the 1,2-(4'-oxocyclohexano)fullerene was made (Scheme 1, Route 2)
and then reduced by a relatively mild DIBAL-H agent to give a stable secondary alcohol (FUL-
OH). The resulting fullerenol was coupled to PDMS according to a general esterification
procedure, described in the Experimental Section. Figure 3 shows the 'H NMR spectra of the
PDMS and FUL-OH precursor materials alongside the PDMS-FUL product. A cosolvent
system of deuterated chloroform and acetone was required for the fullerene precursor, due to
its insufficient solubility in a single common solvent.®* The *H NMR spectrum of the coupled
polymer shows two new peaks appearing at 3.5 ppm and 4.0 - 4.1 ppm, attributed to the
methylene protons on the fullerene moiety (Fig. 3a). These peaks are difficult to assign

precisely as the methylene peaks of the fullerene precursor between 3.5 and 3.8 ppm are



overlapping and cannot be resolved. Additionally, these peaks cannot be accurately integrated
because they overlap with the methoxy protons of the PDMS moiety at 3.5 — 4.0 ppm (labelled
with a triangle in Figure 3). Importantly, the presence and shifting of peaks in the FUL-OH
cyclohexyl ring provide strong evidence that PDMS and fullerene are covalently bound to one
another. The multiplet peak at 5.2 - 5.3 ppm is attributed to the proton attached to the
secondary carbon of FUL-OH (Ha), which upon esterification is significantly shifted downfield,
where it is obscured by the peaks of the aromatic protons (expected at 6.1 - 6.6 ppm).24%°
Importantly, the coupled product shows a more defined peak around 3.2 ppm from one of the
methylene protons attached to the carbon adjacent to the secondary carbon (labelled b in Fig.
3a,c) 2. The integration of this peak to the peak of the CTA methylene protons is 1 to 2,
suggesting pure PDMS-FUL material. All remaining peaks arising from the cyclohexyl
methylene protons of the fullerene derivative cannot be established as they are completely
obscured by the methoxy peaks from PDMS at 3.5-4.0 ppm. Peak c, which is observed in the
spectrum of FULP-OH, is only slightly visible in the FULP-OH spectrum. This is associated
with the shift of the peaks in the coupled material, accompanied by the solvent variations, thus
the peak is obscured by the protons of the PDMS backbone. As further evidence, *C NMR
spectroscopy was used to characterise the final product (Figure S1, ESI), where the spectrum
is a close resemblance of a combination of the spectra of the two starting materials, clearly
showing contributions from both PDMS (most notably at approximately 55, 110 and 120 ppm)

and fullerene (135 — 139 ppm).
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Figure 3. 'H NMR spectra of (a) fullerenol precursor FUL-OH (ds-acetone:CDCls), (b) PDMS
(in CDCls) and (c) resulting PDMS-FUL (in CDCIs). Unresolved peaks originating from the
methylene protons of FUL-OH in PDMS-FUL product are labelled with a triangle. Residual

solvent peaks are labelled with asterisks.

The GPC traces of PDMS and PDMS-FUL are given in Fig. 4a (FUL-OH could not be analysed
due to its insolubility in common solvents). As expected, a small shift to higher molecular mass
was observed for PDMS-FUL (from 5,000 g/mol to 5,400 g/mol), indicating the covalent
attachment of a single fullerene molecule to the end of the PDMS chains. The shift in molar
masses is slightly lower than expected for a fullerene addition (~ 775 g/mol). This is a general

property of all fullerene-functionalised polymers and is associated with the 1T-11 interactions of



the fullerenes with the column packing material, thus, increasing the retention time.®?%3
Moreover, the monotonic shift of the main peak suggests that there is negligible free PDMS
impurity in the final product. The high molecular mass shoulder observed is attributed to
aggregation of the PDMS-FUL fullerene moieties in THF, as reported elsewhere for fullerene-
functionalised polymers.?*#*® No bis-adduct peaks were found for PDMS-FUL, in contrast to
PDMS-FULP (synthesised via route 1), indicating that the FUL-OH precursor was a mono-

adduct with negligible traces of multiple adducts, if any.

The MALDI-TOF spectra of the polymers are shown in Figure 4b. Unfortunately, PDMS and
PDMS-FUL polymers are very difficult to ionise and the quality of the spectral resolution was
limited since the measurements were performed in linear mode. Thus, the precise information
about the end groups and isotope distribution is not available. Nevertheless, it is clear to see
that the PDMS spectrum is a Gaussian distribution of peaks with a maximum at ~ 4542 Da.
This m/z value corresponds to fragmentation of the CTA trithioester group during ionisation,
in line with observations made before by various groups.5*>¢ Interestingly, for dithioesters and
trithioesters fragmentation occurs even when using mild ionising agents such as sodium
iodide, as compared to silver or copper salts.® Strube et al. suggested that lability of the CTA
dithioester group to ionisation is associated with its absorbance maximum being very close to
the laser frequency (337 nm), which is also valid for trithioesters (310 nm absorbance
maximum).>’ The fragmentation of PDMS polymer is illustrated in Scheme 2. Notably, there
are no observable initiator-terminated peaks in MALDI spectrum,® which is in agreement with
our previous report.>* On the other hand, the PDMS-FUL spectrum does not have a perfectly
Gaussian distribution. This is associated with the fact that smaller coupled molecules are
easier to ionise than higher molecular weight molecules. Although the spectrum of PDMS-FUL
is rather noisy, it clearly shows that the peaks correspond to PDMS plus 774 Da (which is the
mass of functionalised fullerene). The same fragmentation peaks are observed, as for PDMS,

rather than intact polymeric product, however, the ester bond remained stable to ionisation, in



agreement with Ladaviere et al.>* The absence of other major peaks in PDMS-FUL spectrum

shows that the product is free from the starting material.
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TGA of PDMS and PDMS-FUL (Figure 5a) was performed to confirm the absence of bis-

adducts. PDMS-FUL demonstrated higher char yield of 13.9% than PDMS (0.5%), only

marginally higher than that expected from addition of one fullerene per molecule (12.6%+

0.5% =

13.1%) and within the instrumental error. The decomposition profile of the PDMS-FUL

polymer changes, with major decomposition occurring later than for pristine PDMS (363 °C

and 323 °C, respectively). Same effect was observed for PDMS-FULP product in route 1,

suggesting that the major decomposition is mediated by the carboxylic acid end group which

is stabilised by the fullerene attached to it in PDMS-FUL and PDMS-FULP.
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Figure 5b shows the FTIR spectra of the PDMS and fullerenol starting materials alongside the
PDMS-FUL product. The band at 527 cm™ is indicative of the fullerene being present in our
macromolecule.®® The characteristic carbonyl band of the carboxylic acid chain end on PDMS
shifted from 1730 cm™ (typical for a non-hydrogen bonded carboxylic acid group °°) to
1700 cm in agreement with previous reports for fullerene-coupled materials®, although lower
than expected for a typical carbonyl ester band. The absence of the carboxylic acid carbonyl
group in the coupled PDMS-FUL material provides further evidence that there is no unreacted
polymer remaining. It should be noted that the O-H stretch evolution observed at 3500 cm™ is

associated with residual water that is difficult to completely eliminate.

Although providing a slightly more rapid procedure for fabricating the fullerenol precursor,
route 1 has the major disadvantage of resulting in multiple adducts that requires laborious
separation and purification stages to remove the his-adducts. On the other hand, multiple
adducts in the Prato reaction could be useful for the fabrication of star-shaped fullerene
derivatives, for example, provided that a level of control can be attained over the precise
number of additions.®* At the same time, route 2 had one more step in the FUL-OH synthesis,
however, yielded only mono-adducts which were then readily coupled to the PDMS chain end
and thus resulted in well-defined fullerene-functionalised macromolecules. To demonstrate
the scope of this procedure to produce polymeric constructs of various sizes, PDMS-FUL
polymers of two other molecular masses were fabricated: 10,000 g/mol and 50,000 g/mol
(Figure S4). Slight monotonic shifts in the GPC traces were observed for both products,
confirming successful coupling. Interestingly, however, higher molecular mass PDMS appears
to suppress the presence of fullerene aggregation in THF, suggesting that the tethered
macromolecules have surfactant-like properties, with longer chains having the ability to cover

more of the large, fullerene spherical surface area.
CONCLUSIONS

For the first time, this paper reports a facile and elegant way to couple individual chains of

poly(3,4-dimethoxystyrene), via a chain-end carboxylic acid group furnished during the RAFT



polymerisation process, to a single fullerene molecule. The polymer was coupled to a hydroxy-
functionalised fullerene using Steglich esterification. Two routes to produce the functionalised
fullerene were explored; the Prato reaction (to give FULP-OH) and a Diels-Alder cycloaddition
(FUL-OH). Although requiring one less synthetic step, the Prato reaction gave rise to a mixture
of polymeric constructs [namely PDMS-FULP and (PDMS),-FULP] that were difficult to
separate, as observed by GPC. Diels-Alder cycloaddition (to produce FUL-OH) constituted a
two-step procedure, but resulted in conversion of PDMS into a mono-addition product, PDMS-
FUL, with very high yield (96%), where PDMS was selected as a model polymer for the
synthetic approaches reported herein (owing to its previously reported metal-binding
properties). Thus, the Diels-Alder route was found highly suitable for functionalisation of a
diverse range of RAFT-generated polymers of different molecular masses, as demonstrated

for 5,000, 10,000 and 50,000 g/mol PDMS-FUL.
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