

  carbon-06-00071




carbon-06-00071







C 2020, 6(4), 71; doi:10.3390/c6040071




Review



Fullerene Polymers: A Brief Review



Peter J. F. Harris[image: Orcid]





Electron Microscopy Laboratory and Department of Chemistry, J.J. Thomson Building, University of Reading, Whiteknights, Reading RG6 6AF, UK







Received: 18 September 2020 / Accepted: 3 November 2020 / Published: 5 November 2020



Abstract

:

This paper reviews the ways in which C60 and other fullerene molecules can be incorporated into polymeric structures. Firstly, polymers in which the fullerenes are incorporated into the structure by covalent or noncovalent bonding are discussed. These include “pearl necklace” structures, “charm bracelet” structures, organometallic polymers, crosslinked polymers, end-capped polymers, star-shaped polymers and supramolecular polymers. Secondly, all-carbon polymers, which are produced by fusing fullerenes together, are covered. The synthesis and properties of each class of fullerene polymer are outlined and the prospects for commercial applications considered.
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1. Introduction


Fullerenes and their derivatives have many remarkable chemical, electronic and optical properties, but to date, few of these properties have been exploited in commercial products. One reason is that C60 and the other fullerenes do not easily lend themselves to processing. The pure fullerenes are insoluble in water, which is a problem when it comes to potential applications in medicine and other areas. Although water-soluble fullerenes can be produced by functionalisation with groups such as –COOH and –OH, the dissolved fullerenes have a tendency to clump together rather than remain as separate molecules. Moreover, in order to solubilise the fullerenes, it is often necessary to add more than one functional group. Not only can this change the chemical and physical properties of the carbon molecules, but the derivatised fullerenes often contain a mixture of regioisomers, and these are difficult to separate. An alternative approach which avoids some of these problems is to incorporate fullerenes into polymers. In many cases, a single attachment between the fullerene and the polymer is sufficient to create solubility in water. As well as making fullerenes soluble, incorporating them into polymers generally enhances the processibility of these extraordinary molecules, thus facilitating their application in a wide variety of areas.



Work began on the preparation of fullerene polymers shortly after the bulk synthesis of C60 in 1990 [1]. Since that time, the study of these polymers has grown into a significant sub-discipline of fullerene science [2,3,4,5,6]. Many different kinds of polymer have been synthesised, including the so-called “pearl necklace”, or main-chain, structures, in which the fullerene molecules are joined together with short bridging groups, as shown in Figure 1a, and the “charm bracelet”, or side-chain, polymers, where the fullerenes dangle from the backbone of existing polymers, as in Figure 1b. Other structures in which fullerenes are linked to existing polymers include random crosslinked and end-capped ones. Organometallic C60 polymers, which can be one-, two- or three-dimensional, have been quite widely researched, while star-shaped polymers, in which a single fullerene molecule is joined to a number of polymer chains, have also been studied. Supramolecular polymers, where the fullerenes are incorporated into to the structure by weak intermolecular interactions rather than covalent bonds, have been prepared, and some have been shown to be soluble in water.



A quite separate class of fullerene polymers is produced by fusing fullerenes together to form all-carbon polymers. These structures can have interesting electrical properties and they can display extreme hardness. The aim of the current article is to give a brief overview of the various forms of fullerene polymer, with references up to 2020.




2. Pearl Necklace Polymers


An assembly consisting of two linked C60 molecules was synthesised by Wudl et al. in 1992 [8]. This could be considered the first step towards a pearl necklace polymer. The synthesis involved reacting C60 with the diazomethanes derived from m-phenylenebis(benzoyl) and p-phenylenebis(benzoyl). Early attempts to prepare extended pearl necklace polymers often resulted in intractable, insoluble mixtures, e.g., [9]. In 2000, Geckeler et al. reported the synthesis of the first water-soluble C60 main-chain polymer [10]. Here, the linking groups were shielded inside cyclodextrin cavities with the fullerene, as shown in Figure 2. They showed that the fullerene retained its ability to cleave DNA nucleotides via a singlet oxygen transfer at the guanosine base sequence when attached to this polymer.



Main-chain C60 polymers have also been considered as components of photovoltaic devices. The fullerene derivative most frequently employed in such devices is phenyl-C61-butyric acid methyl ester (PCBM), but Hiorns and colleagues suggested that copolymers which incorporate fullerenes as alternating repeated moieties in a conjugated polymer structure might have advantages in this application [11,12,13]. The idea was that nanodomains of well-organised copolymers parallel to the electrodes might enhance interface interactions and increase current flow. This group prepared bis-benzyl C60 polymers through atom transfer radical addition (ATRA) of 1,4-bis(bromomethyl)benzene intermediate to the fullerene. A solar cell containing such a polymer was shown to have an efficiency of 4.2%.




3. Charm Bracelet Polymers


It appears that the first charm bracelet C60 polymer was prepared by Olah et al. in 1991 [14]. This group showed that a C60/C70 mixture reacted with polystyrene under AlCl3 catalysis in CS2 to produce a highly crosslinked fullerenated polystyrene. A short time later, Wudl and colleagues attached C60 to polyester and polyurethane and showed that the fullerene molecules retained their electrochemical and non-linear optical properties when joined to the polymers [15]. Since this early work, charm bracelet, or side-chain, structures have become the most widely studied form of C60 polymers. Most of the common polymers have been functionalised with C60 in this way, including aminopolymers [16], polycarbonates [17], polysaccharides [18], polysiloxanes [19] and polyesters [20]. A popular method for attaching C60 to polymers has involved cycloaddition to azido groups on the polymer chains. Hawker prepared polystyrene- C60 polymers using this method in 1994 and demonstrated that the copolymer retained both the electronic properties of the fullerene and the solubility and processability of the polystyrene [21]. Other routes to charm bracelet C60 polymers include nucleophilic addition [15] and ATRA [22].



As well as attaching fullerenes to pre-existing polymers, charm bracelet polymers have also been prepared by catalysed polymerisation of fullerene-bearing monomers. One method which has become quite popular was introduced by Wudl and co-workers in 1995 [23]. This involved polymerising norbornene-modified C60, in the presence of an excess of norbornene and a catalyst, using ring-opening metathesis copolymerisation (ROMP), as shown in Figure 3. Other groups have subsequently used the technique [24,25].



A number of charm bracelet C60 polymers with water solubility have now been prepared. In 2006, Iwamoto and Yamakoshi synthesised a C60-N-vinylpyrrolidone (NVP) copolymer using radical polymerisation [26]. This was found to have one of the highest water-solubilities (7.8 mM) of any fullerene derivative. In 2014, the same authors, with colleagues, prepared a soluble C60-polyvinylpyrrolidone (PVP) copolymer and investigated its ability to generate photoinduced reactive oxygen species [27]. A Russian group prepared fullerene-containing copolymers using radical polymerisation in 2017 [28]. They suggested that the copolymers might find applications as photo- and electroactive materials.



It was noted above that main-chain C60 polymers with potential use in solar cells have been prepared. Side-chain polymers have also been prepared with this application in mind. Block co-polymers have often been favoured, owing to their tendency to self-assemble into ordered structures. In 2005, Drees, Sariçiftçi and colleagues described the synthesis of the fullerene derivative, C61-butyric acid glycidol ester (PCBG), which they then polymerised [29]. Introducing this into the poly(3-hexylthiophene) (P3HT) active layer resulted in a network of fullerene molecules dispersed throughout the bulk, thus avoiding the issues with aggregation that can result when individual molecules of phenyl-C61-butyric acid methyl ester (PCBM) are used in such cells. The device produced in this way had an energy conversion efficiency of 2%. Other groups have prepared side-chain C60 polymers for photovoltaic devices, e.g., [30,31]. Polymerisable C70 derivatives have also been considered for this application [32].




4. Organometallic Polymers


Organometallic C60 polymers have attracted significant interest. The first example of such a polymer was a pearl necklace structure synthesised in 1992 by Nagashima and colleagues [33]. By mixing C60 with Pd2(dba)3, where dba is dibenzylideneacetone), with 1:1 stoichiometry, these workers obtained a linear C60Pd polymer. They also showed that changing the Pd:C60 ratio or heating the one-dimensional polymer could produce three-dimensional polymers. Since this early work, many further polymers with fullerenes covalently bonded to palladium, platinum and other transition metals have been synthesised, e.g., [34,35,36]. The polymers can be one-, two- or three-dimensional. Figure 4, from work by Leng et al. [36], shows a linear organometallic polymer. A theoretical analysis of the interactions between Pd and fullerenes in polymers has been given by Goclon and colleagues, who found that the most stable polymer structure is one in which the C60s are bonded via the [6,6] position of the fullerene molecules with Pd in a distorted tetrahedral coordination [37]. Organometallic C60 polymers may have potential applications in catalysis [34,38], electrochemistry, e.g., [7,35], and other areas.




5. Crosslinked Polymers


Many of the early attempts to prepare extended pearl necklace and charm bracelet polymers resulted in intractable, crosslinked mixtures, e.g., [9]. However, a few groups have succeeded in introducing some control into the synthesis of crosslinked polymers in order to prepare potentially useful products. A schematic illustration of a crosslinked C60 polymer is shown in Figure 5a. In 2016, Sugawara et al. described the preparation of crosslinked polymer–fullerene networks by reacting a tetrazole-functionalised polymer with C60 under UV irradiation [39]. They suggested that the networks may have applications in bulk heterojunction solar cells. Chen and colleagues synthesised a crosslinked composite by reacting C60 with an aromatic poly-amide with pendent furan groups [40]. They demonstrated improved high-temperature shape memory behaviour of the composite compared to the pure polymer. As a final example, Zhou et al. incorporated C60 into the conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT), with the aim of producing photoresponsive thermoelectric materials [41].




6. End-Capped Polymers


End-capped polymers are polymers with a fullerene bonded to one or both ends (see Figure 5b). An advantage here is that the exact number of fullerene molecules attached to the polymer is known: it is either one or two, as shown in Figure 5b, depending on the synthesis method.



In 2010, Karsten and co-workers prepared diketopyrrolopyrrole-based small band gap oligomers, end-capped at both ends with C60 [42]. Upon photoexcitation of the oligomer, ultrafast energy transfer to the fullerene occurs, followed by an electron transfer reaction, suggesting that the assembly could be a useful component of photovoltaic devices. The synthesis of poly(ethylene glycol) end-capped with C60 was described by Jung et al. [43]. The polymer was added to the P3HT:PCBM active layer of a solar cell, resulting in enhanced performance and air stability of the cell. Hiorns and colleagues have also explored the application of end-capped fullerene polymers in solar cells [44]. In 2017, Topham and colleagues described a method of linking chains of poly(3,4-dimethoxystyrene), generated by reversible-addition fragmentation chain transfer (RAFT), polymerisation, to single C60 molecules [45]. Their relatively simple approach should be applicable to the preparation of a wide range of different fullerene end-capped polymers.




7. Star-Shaped Polymers


The so-called star-shaped polymers usually consist of a single molecule C60 joined to a number of polymer chains, as shown in Figure 5c [46]. The first such structures were prepared by Samulski et al. in 1992 [47], who attached between 1 and 10 linear polystyrene (PS) chains to C60 to produce what they called “flagellenes”. Their method involved reacting a living PS carbanion with C60. Ederlé and Mathis used a similar method in 1997 to produce polystyrene, polyisoprene and other C60 polymer stars [48]. In 2007, Xu and colleagues synthesised C60-cored star polyfluorenes by modifying the bromo end-groups of C60 hexakisadducts using Suzuki polycondensation [49]. The resulting star-shaped polymers might be used as blue light-emitting materials. Another potential application for fullerene-containing star-shaped polymers might be as components of membranes for gas or water purification [50,51,52].




8. Supramolecular Polymers


In supramolecular polymers, the fullerenes are incorporated into the polymer by weak intermolecular interactions rather than covalent bonds. This has been used as a route to producing water-soluble fullerene materials. For example, in 2004, Liu and co-workers prepared the polymer shown in Figure 6, where C60s are held within dimeric cyclodextrin units with coordinated metal centres [53]. Assemblies of 60–80 units were prepared and imaged by scanning tunnelling spectroscopy and transmission electron microscopy. The polymer was water-soluble and displayed DNA-cleavage ability under light irradiation. As with the work by Geckeler et al. mentioned above, the DNA-cleavage involves the generation of excited singlet molecular oxygen by the fullerene.



In 2014, Isla and co-workers prepared supramolecular polymers from monomer units consisting of a C60 derivative and a 9,10-di(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene (exTTF) macrocycle [54]. They reported a high degree of polymerisation, reaching molecular weights greater than 150 kDa in solution, which was believed to be higher than any fullerene-based supramolecular polymer reported at that time. The authors suggest that these materials might find use in the construction of self-organised optoelectronic devices. Haino and colleagues have recently synthesised fullerene-terminated polymethyl methacrylates (PMMAs) and demonstrated that calix [5] arene hosts can bind to the fullerene moieties of the PMMAs, inducing interesting shape transformations in the polymers [55].




9. All-Carbon Polymers


As well as incorporating fullerenes into a polymer chain, or attaching them to a polymer via functional groups, it is also possible to prepare all-carbon fullerene polymers. This was first demonstrated by Rao, Eklund and co-workers in 1993 [56]. They showed that irradiating fcc C60 films, in the absence of oxygen, with visible or ultraviolet light produced a phase transformation. Analysis of the new structure showed that the fullerene molecules within the film had been photopolymerised. Work published in the following year showed that polymerisation could also be induced by the application of pressures above 1 GPa at moderate temperatures [57]. A theoretical analysis of this process by a group from Grenoble suggested that it involves [2 + 2] cycloadditions between two 6-6 double bonds of neighbouring C60s to form cyclobutene rings connecting the fullerenes, to form a one-dimensional chain, as shown in Figure 7a [58]. It is now established that a number of different polymeric phases, including two-dimensional and three-dimensional as well as one-dimensional, can be produced under different pressure and temperature conditions. Examples are shown in Figure 7. Davydov and colleagues have shown that there are two distinct one-dimensional phases, both orthorhombic: a phase formed at low pressure [59], which could be transformed to a new phase through the simultaneous action of pressure and X-rays [60]. At higher temperatures and pressures, two-dimensional phases form. There are two different phases of these: tetragonal and rhombohedral.



The application of still higher pressures, above 8 GPa, can result in the formation of 3D polymers, and these have been very widely studied, both experimentally and theoretically, e.g., [61,62,63,64]. In many cases, the poor crystallinity of the 3D polymers means that X-ray crystal structures have not been obtained. One structure which has been established is shown in Figure 7d. This was prepared by a group led by Yamanaka in 2006 by applying a pressure of 15 GPa to 2D C60 polymer single crystals at 600 °C [65]. Single crystal X-ray diffraction revealed that the 3D polymer crystallised in a body-centred orthorhombic structure, with the C60 monomer units substantially deformed to rectangular cuboidal shapes, each unit being bonded to eight cuboidal C60 neighbours via [3 + 3] cycloaddition. The structure contains both sp3 and sp2 carbon atoms. The polymer shown in Figure 7e is taken from work by Marques and colleagues [66,67]. This is an fcc polymeric C60 phase obtained at 9.5 GPa and 550 °C. This phase was reported previously by Talyzin et al., but not structurally characterised [63]. Marques et al. carried out synchrotron diffraction studies of the polymer, coupled with Density Functional Theory (DFT) investigations, and found that whether or not neighbouring C60s bonded with each other depended on their orientation. As a result, it is not possible to describe the polymer in terms of a defined crystallographic structure. Instead, they proposed a “frustrated” structure, where there is random bonding within the lattice while maintaining the cubic symmetry. Three-dimensional C60 polymers have been shown to have a range of interesting properties. In contrast with the nonconductive behaviour of 2D polymers, 3D C60 polymers are electrically conductive [65], and they can possess extreme hardness [63,68]. Research on C60 polymers and on the effect of high pressures on fullerenes has been reviewed [67,69].
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Figure 7. All carbon polymerised C60 structures. (a) 1D, (b) 2D-tetragonal, (c) 2D-rhombohedral, (d) 3D cuboidal, (e) 3D AuCuI-type. Adapted from [67]. 
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10. Discussion


The fullerene polymers described in this paper could be divided into two broad classes. In the first class, covered in Section 2, Section 3, Section 4, Section 5, Section 6, Section 7 and Section 8, the fullerenes are incorporated into the polymers by covalent or noncovalent bonding. In the second category, covered in Section 9, the fullerenes are fused together in all-carbon structures. Great ingenuity has been shown by synthetic chemists in finding ways to prepare the first class of polymeric structures, and many different varieties have been synthesised. The simplest to prepare, and most widely studied, are the charm bracelet, or side-chain, polymers, where the fullerenes are attached to an existing polymer backbone. Many of the most common polymers have been modified in this way, since the pioneering work by Olah et al. in 1991 [14]. A number of charm bracelet polymers have been shown to be water-soluble; indeed, the system prepared by Iwamoto and Yamakoshi [27] was found to have one of the highest water-solubilities of any fullerene derivative. Among the potential applications of charm bracelet polymers has been in solar cells, where the use of a polymer enables the fullerene derivatives to be dispersed throughout the bulk, thus avoiding the issues with aggregation that can result when individual fullerene-based molecules are used. Pearl necklace or main-chain polymers, in which the fullerenes are joined together by linking groups, have not been as extensively studied as charm bracelet polymers, as they are more difficult to synthesise. However, several pearl necklace polymers have been prepared, and, like charm bracelet polymers, they have been considered as components of photovoltaic devices, as well as for other applications. The other members of the first type of fullerene polymers all have potentially useful applications. Thus, organometallic C60 polymers may be useful in catalysis and electrochemistry, while star-shaped polymers might be valuable as components of membranes for gas or water purification. Despite these many possible applications, however, it appears that there are no currently available commercial products which incorporate fullerene polymers. The reason may be the relatively high cost of these materials. The price of pure C60 is currently around USD 100 per gram, and the preparation of polymeric structures would add considerably to this cost. Until these prices can be reduced, the potential of fullerene polymers may continue to be unrealised.



Concerning all-carbon fullerene polymers, these are fascinating materials which continue to be the subject of intensive research. One-, two- and three-dimensional structures have been synthesised, and many more potential all-carbon polymers are possible. The polymers which have been produced display a wide range of electronic and of elastic properties, but, as with the other forms of polymer discussed here, the high cost of fullerenes remains a serious problem when considering commercial applications.
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Figure 1. Schematic illustration of (a) pearl necklace polymer, (b) charm bracelet polymer. Adapted from [7]. 
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Figure 2. Water-soluble main-chain fullerene polymer with supramolecular cyclodextrin shielding of linking groups [10]. 
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Figure 3. Polymerisation of norbornene-modified C60 using ring-opening metathesis polymerisation [4,23]. 
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Figure 4. One-dimensional Ru–C60 polymer. Ru atoms are in grey [36]. 
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Figure 5. Schematic illustrations of (a) crosslinked C60 polymer, (b) end-capped polymers, (c) star-shaped polymer [2]. 
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Figure 6. Supramolecular fullerene polymer mediated by metallobridged β-cyclodextrins, from Liu et al. [53]. 
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