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Chapter 7  

Giant Pearl-Necklace Fullerene 
Macrocycles 
 

In this Chapter the synthesis of large fullerene macrocycles is described. The 
macrocycles were synthesized by transesterification reactions between bis-PCBM 
and diols, applying dibutyltinoxide (DBTO) as a catalyst. Cycles containing up to 
eighteen fullerenes were detected by MALDI-TOF techniques. These structures 
present the first example of true pearl-necklace macrocycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
*Part of this work was published:  

Floris B. Kooistra, Frank Brouwer, and Jan C. Hummelen, 2007, submitted for 
publication. 
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Giant Pearl-Necklace Fullerene Structures 

7.1   Introduction 
 

Three dimensional supramolecular structures containing buckminsterfullerene, C60, 
have been studied widely ever since the discovery of C60 by Kroto, Smalley, and 
Curl.1 These structures are usually based on the complexing ability of fullerenes 
with conjugated systems, which have either ball, bowl, or belt shapes.2-4 (see figure 
7.1). 

 

 

Fig. 7.1: Some examples of supramolecular fullerene complexes.4 

 

Covalently bound, large molecular structures containing fullerene moieties are 
scarce. Four different types of structures can be imagined (see figure 7.2), charm-
bracelet polymers (A) and macrocycles (B), and pearl-necklace polymers (C) and 
macrocycles (D). Charm-bracelet polymers consisting of a backbone with pendant 
fullerenes are well known.5 Charm-bracelet macrocycles are much less known. The 
only good example of this type of structure, to our opinion, was made by Diederich 
et al.6,7 These structures consist of a polyacetylene macrocycle with three or four 
pendant fullerenes (see figure 7.3). Furthermore, tethered fullerene adducts can be 
considered to be fullerene macrocyclic structures, but they contain only one 
fullerene unit and are therefore not considered to be true pearl-necklace 
macrocycles.8,9 Pearl-necklace polymers of fullerenes are very rare. The only such 
structures are obtained by a [2+2] cycloaddition of fullerene units.10 Pearl-necklace 
macrocycles on the contrast are unknown until now. It is worth mentioning here 
that some first ‘monomers’ of pearl-necklace and charm-bracelet structures were 
developed as early as 1992 by the group of Wudl (see figure 7.4).11,12 However, 
polymeric, let alone macrocyclic structures were never realized.  
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Chapter 7 

 

Fig. 7.2: Charm-bracelet structures (A and B) and, Pearl-necklace structures (C 
and D). 

 

 

Fig. 7.3: Example of a charm-bracelet structure by Diederich et al.7;9 
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Giant Pearl-Necklace Fullerene Structures 

 

 

Fig. 7.4: Precursor for pearl-necklace structures synthesized by Wudl et al. 

7.1.1   Macrocyles 
 

The synthesis of macrocycles has attracted much attention recently and numerous 
examples are known: natural products containing macrocycles,13 amino acid 
derived macrocycles,14 porphyrine ring structures (7.6),15 conjugated macrocycles 
(7.7),16 cyclooligomerized macrocycles (7.8),17 and pyrrole macrocycles (7.9).18 
Their applicability ranges from ion transport across membranes, and antibiotics to 
catalysis.14 Some examples of electronically interesting macrocyclic structures are 
depicted in figure 7.5.  
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Chapter 7 

 

Fig. 7.5: Some examples of electronically interesting macrocycles 

7.1.2   Ring forming polycondensations 
 

The formation of ring structures has been studied extensively for polycondensation 
reactions.19-22 These reactions can either be thermodynamically controlled 
polycondensations (TCP) or kinetically controlled polycondensations (KCP), which 
are defined as: “KCP means that equilibration reactions are absent, and the 
reaction mixtures do not represent the thermodynamic optimum of the system 
under investigation. TCP means that equilibration reactions including ring-chain 
and ring-ring equilibria are present throughout the polymerization process, so that 



 

 

190 

 

 

 

 

Giant Pearl-Necklace Fullerene Structures 

reaction mixtures represent the thermodynamic optimum at any stage of 
polycondensation”.21 

Cyclization is favored under highly diluted conditions, and should be the sole 
product under ideal KCP conditions.23-26 In the case of TCP, cyclic oligomers are 
formed due to so-called ‘back-biting degradation’.27 Furthermore, the formation of 
cycles will be favored under TCP conditions when temperatures are high and 
concentrations low. This directly results from an entropy gain when many small 
cycles are formed, instead of one large chain.22  

7.1.3   Dialkyltinoxide catalyzed transesterification. 
 

One of the most famous polycondensation reactions is polyesterification. 
Polyesterification reactions can be catalyzed very efficiently by dialkyltinoxides.28,29 
The origin of the catalytic efficiency of dialkyltinoxides has recently been reviewed 
by Llauro and Michel.30 The catalytic species is a dimeric alkoxy distannoxane 
compound (7.10), which is formed in situ when the dialkyltinoxide reacts with the 
polymer ester functionalities. First the alkoxydistannoxane is formed, which 
coordinates to the ester. Subsequent alcoholysis yields the transesterified product 
(see scheme 7.1). 

 

Scheme 7.1: Catalytic cycle of dialkyltinoxide catalyzed transesterification.28 

Baumhof et al. found that this transesterification reaction is also applicable for 
‘regular’ molecules, when applying dibutyltinoxide (DBTO) as the catalyst.31 This 
methodology has been applied succesfully in our labs to perform transesterification 
reactions on phenyl–C61–butyric acid methylester (PCBM).32 
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Chapter 7 

7.1.4   Research Goal 
 

As was demonstrated in chapter 5, fullerenes can be applied in time-gated 
holographic imaging (TGHI) as the charge transporting matrix. However, low Tg 
materials are needed, which are processable and thermally stable. Polymeric 
structures, containing fullerenes, would be highly interesting materials for this 
application. 

The structures resulting from transesterification reactions between bis-PCBM 
(7.11) and several diols, using DBTO as a catalyst (see scheme 7.2), were studied 
with MALDI-TOF techniques. We hypothesized that this reaction would lead to 
polymeric fullerene structures. 

 

 

Scheme 7.2: Proposed co-polymerization of bis-PCBM (7.11) with α,ω-diols (a: 
m=1,b: m=2, c: m=3) to yield linear (open) chain products. 

7.2    Synthesis 
 

Pure bis-PCBM (7.11) was subjected to transesterification reactions with different 
diols (ethyleneglycol (m=1), 1,4-butanediol (m=2), and 1,6-hexanediol (m=3)), 
using DBTO as the catalyst (see scheme 7.2). No linear (open) chain polymeric 
structures, but formation of large ring structures was found (see scheme 7.3), for 
which proof will be presented in the next paragraphs. Apparently the low 
concentration, under which the reactions were performed (due to the low solubility 
of fullerenes), resulted in formation of ring structures. Since fullerenes are known to 
form aggregates in solution, we suggest that the possible formation of fullerene 
aggregates in solution could facilitate the formation of ring structures even more.  
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Giant Pearl-Necklace Fullerene Structures 

In order to be able to fully characterize a macrocycle, an attempt was made to 
selectively synthesize a cycle consisting of only two fullerenes (7.14). First, bis-
PCBM (7.11) was transesterified by allowing it to react with a large excess of 1,6-
hexanediol (40 eq.) and DBTO as the catalyst. The bis-esterified product (7.14) 
was successfully obtained. This product was then allowed to react with bis-PCBM 
(7.11) in a stoichiometric fashion, once again applying DBTO as the catalyst (see 
scheme 7.4). The reaction, however, yielded a mixture of rings of various sizes, as 
will be shown in the next paragraphs. 

 

Scheme 7.3: Synthesis of fullerene macrocycles. m=1,2,3. 

 

Scheme 7.4: Attempted selective synthesis of a macrocycle consisting of two 
fullerenes (7.14). 
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Chapter 7 

7.3   MALDI-TOF Spectroscopy 
 

All products were analyzed by matrix-assisted laser desorption/ionization time of 
flight (MALDI-TOF) spectroscopy. A sample consisting of the object of study and a 
UV absorbing matrix is subjected to laser light. Most of the energy of the laser will 
be absorbed by the matrix, which prevents undesired fragmentation of the object of 
study. MALDI-TOF is therefore called a soft ionization technique. All ionized 
molecules are accelerated in an electric field and are separated based on their 
mass. The method is usually applied in the characterization of large molecules like 
peptides, proteins, oligosaccharides and oligonucleotides. Masses up to 350.000 
Da can be detected. The method is therefore also very useful for the 
characterization of polymers and, in this case, fullerene structures. 

In the structures studied here, various reaction intermediates were observed 
besides large cyclic structures. Tin complexes however, were never observed, 
which might be due to the applied washing and precipitation methods (see 
experimental section). As can be expected the largest ring structures are found 
when 1,6-hexanediol is used as the alcohol. The longer ‘chain’ might facilitate the 
intramolecular transesterification and, in principle, might induce solubility allowing 
for larger structures to form in solution. 

MALDI-TOF spectra of all three types of macrocycles (i.e. n=1,2,3) are depicted in 
figure 7.6 (for full size spectra see Appendix I). In the insets of figure 7.6 the 
MALDI-TOF spectra show the highest mass regions. Eventhough it is not possible 
to assign structures with any certainty to these masses, it does illustrate that our 
method of cyclization/polymerization is highly effective, obtaining cyclic/polymeric 
structures with masses up to ~48.500 amu. containing at least 42 fullerene units. 
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Giant Pearl-Necklace Fullerene Structures 

 

 

Fig. 7.6: MALDI-TOF spectra. A) n=1, B) n=2, C) n=3, D) n=3: obtained from the 
reaction depicted in scheme 7.4. The insets show the higher mass regions. 

 

The structures and masses assigned to each macrocycle (up to a cycle containing 
five fullerenes) are shown in figure 7.7. The MALDI-TOF spectra clearly show the 
formation of macrocycles containing up to eighteen fullerenes. Masses of 
structures containing at least 42 fullerenes are visible in the case of n=3 (see figure 
7.6d). These peaks, however, broaden significantly and it is therefore not possible 
to assing a definitive structure. Also, the experimental error becomes too large to 
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Chapter 7 

differenciate between ring-closed and ring-opened structures.I The mass difference 
between ring-closed and ring-opened (one side a methyl ester and on the other 
side an alcohol) is 32. Due to hydrolysis ring-opened structures can be formed as 
well with a mass of 18 higher. When masses exceed 30.000 it is impossible to 
distinguish ring-closed from ring-opened structures. 

 

 

Fig. 7.7: Structures of the smallest pearl-necklace macrocycles including their 
calculated mass (isotope effects excluded). 

 

Besides cyclic structures, minor amounts of structures of intermediate compounds 
are also observed. These intermediates consist of mono- and di-esterified bis-
PCBM, as well as some ring opened structures (see figure 7.8). 

                                                     
I Experimental error for MALDI-TOF is ~ 0.1%.  
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Giant Pearl-Necklace Fullerene Structures 

 

Fig. 7.8: Possible intermediates during cyclization reactions and their respective 
masses (isotope effects excluded). 

The intermediates that are visible in the MALDI-TOF spectra differ for each 
reaction. All visible masses up to structures containing two fullerenes can be 
explained by the structures depicted in figure 7.8. Masses that show up in the 
MALDI-TOF, which are 16 higher than expected are attributed to oxidized 
fullerenes. Masses that are 17 higher than expected can be explained by 
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hydrolysis of cyclic esters. In negative mode MALDI-TOF the carboxylic acid will be 
deprotonated, hence a mass of 17 higher and not 18 higher, will be found. 

The most intense signals, however, are clearly those of cyclic structures. We 
furthermore, deduct from the differences in spectrum 7.6c and 7.6d that for 
obtaining high mass structures it is favorable to first synthesize the transesterified 
bis-PCBM (7.13) and subsequently allow this to react with bis-PCBM (7.11) (see 
scheme 7.4). Interestingly, spectrum 7.6d does not show a mass of signal of 
compound 7.13 (1272 amu.), indicating full conversion. The mass signal of 1155, 
belonging to a cycle containing one fullerene, furthermore, proves that 
intramolecular esterification is taking place when DBTO is added to compound 
7.13. 

7.4   Conclusions 
 

True pearl-necklace fullerene giant macrocycles were synthesized by 
polyesterification reactions using DBTO as the catalyst. MALDI-TOF spectroscopy 
shows the presence of cycles containing up to eighteen fullerene units. Even 
higher masses are observed, but these can not be assigned with any certainty to 
ring-closed or ring-opened structures. Since these macrocyclic structures are quite 
soluble in fullerene solvents, they may play a future role in fullerene based 
molecular electronic applications. 

7.5   Experimental 
 

MALDI-TOF measurements were performed on a Voyager-DE Pro apparatus. S8 
was used as the matrix. The MALDI-TOF measurements were calibrated with a 
mixture of proteins (dimer of α-cyano-4-hydroxycinnamic acid, bradykinin, 
angiotensin, ACTH and insuline) until a mass of ~5500 amu. The calibrated 
measurements were done for a range of 300 to 10.000 amu. Higher masses were 
detected by applying a low mass gate of 3500, filtering out low mass 
macrocycles.33 

All reagents and solvents were used as received or purified using standard 
procedures. Bis-PCBM (7.11) was obtained as a byproduct from regular PCBM 
synthesis.34 Its spectral data were discussed in the experimental section of chapter 
5. 

Macrocycle formation from bis-PCBM (7.11) and ethyleneglycol: A 50 ml. 
flame dried three-necked flask was charged with bis-PCBM (7.11) (250 mg, 0.227 
mmol) and ortho-dichlorobenzene (10 ml.) The resulting solution was degassed by 
three N2/vacuum purges. Next, ethyleneglycol (24 mg, 0.387 mmol, 1.7 eq.) and 
DBTO (11.3 mg, 0.046 mmol, 0.2 eq.) were added.  
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The mixture was stirred at 120 0C for 5 days. The products in the resulting mixture 
were precipitated with methanol and centrifuged yielding a brown pellet. This pellet 
was washed repeatedly with toluene until the supernatant toluene layer became 
colorless. A small brown pellet remained which was dried in vacuo at 50 0C yielding 
31 mg of polymer/cycles. IR (KBr); ν (cm–1): 3429 (br) (H2O in KBr), 2925 (s), 2855 
(m), 1739 (s), 1601 (m), 1494 (m), 1446 (m), 1245 (m), 1150 (s), 1076 (m), 1034 
(m), 967 (w), 884 (w), 801 (w), 753 (m), 701 (s), 677 (w), 660 (w), 641 (w), 605 (w), 
586 (w), 571 (w), 562 (w), 553 (w), 542 (w), 526 (s), 500 (w), 488 (w). 1H NMR 
(D2O/CS2, 300 MHz); δ (ppm): 8.28 – 7.42 (broad signals, phenyl ring), 7.38 – 7.18 
(m, ODCB solvent), 4.40 – 4.18 (br., -OCOCH2-), 3.80 (br., -CH2OH and -OCH3), 
3.23 – 2.05 (broad signals, -C-CH2-C-), 1.50 – 1.02 (m, pentane solvent). 

Macrocycle formation from bis-PCBM (7.11) and 1,4-butanediol: A 50 ml. flame 
dried three-necked flask was charged with bis-PCBM (7.11) (247 mg, 0.22 mmol) 
and ortho-dichlorobenzene (15 ml.) The resulting solution was degassed by three 
N2/vacuum purges. Next, 1,4-butanediol (90 mg, 0.98 mmol, 4 eq.) and DBTO (15 
mg, 0.06 mmol, 0.35 eq.) were added. The mixture was stirred at 120 0C for one 
week. The products in the mixture were precipitated in methanol and centrifuged 
yielding a brown pellet. The brown pellet was then washed with toluene (2x) and 
pentane (1x). The resulting brown pellet was dried in vacuo at 50 0C, yielding 163 
mg of polymer/cycles. IR (KBr); ν (cm–1): 3448 (br) (H2O in KBr), 3057 (w), 3025 
(w), 2954 (s), 2867 (m), 1735 (s), 1601 (m), 1581 (w), 1514 (w), 1494 (m), 1446 
(m), 1429 (m), 1393 (w), 1247 (m), 1155 (s), 1077 (m), 1026 (w), 1002 (w), 914 
(w), 879 (w), 841 (w), 799 (w), 759 (m), 729 (w), 700 (m), 677 (w), 586 (w), 572 
(w), 545 (w), 526 (s), 482 (w). 1H NMR (D2O/CS2, 300 MHz); δ (ppm): 8.18 – 7.39 
(broad signals, phenyl ring), 4.09 – 3.86 (br., -OCOCH2-), 3.69 – 3.52 (br., -CH2OH 
and -OCH3), 2.81 – 1.02 (broad signals, -C-CH2-C-). 

Macrocycle formation from bis-PCBM (7.11) and 1,6-hexanediol: A 50 ml. 
flame dried three-necked flask was charged with bis-PCBM (7.11) (512 mg, 0.465 
mmol) and ortho-dichlorobenzene (30 ml.) The resulting solution was degassed by 
three N2/vacuum purges. Next, 1,6-hexanediol (55 mg, 0.465 mmol) and DBTO 
(46.3 mg, 0.186 mmol, 0.4 eq.) were added. The mixture was stirred at 120 0C for 
one week. The products in the resulting mixture were precipitated with methanol 
and centrifuged, yielding a brown pellet. The pellet was washed repeatedly with 
toluene until the supernatant was colorless. The supernatant (toluene) layers were 
combined and dried in vacuo yielding 354 mg of polymer/cycles. IR (KBr); ν (cm–1): 
3445 (br) (H2O in KBr), 3057 (w), 3025 (w), 2952 (s), 2865 (m), 1734 (s), 1601 (m), 
1566 (m), 1495 (m), 1459 (m), 1446 (m), 1429 (w), 1392 (w), 1250 (w), 1178 (m), 
1156 (m), 1077 (w), 1026 (w), 1002 (w), 880 (w), 841 (w), 798 (w), 755 (m), 729 
(w), 700 (s), 676 (w), 571 (w), 546 (m), 527 (s), 456 (w). 1H NMR (CDCl3, 300 
MHz); δ (ppm): 8.18 – 7.35 (broad signals, phenyl ring), 4.2 – 3.9 (br., -OCOCH2-), 
3.55 – 3.63 (br., -CH2OH and –OCH3), 3.15 – 0.7 (broad signals, -C-CH2-C-). 

Macrocycle formation from bis-PCBM (7.11) and bis Phenyl C62 bis butyric 
acid bis 6-hydroxyhexyl ester (7.13). A 25 ml. flame dried three-necked flask was 
charged with transesterified bis-PCBM (7.13) (50 mg, 3.93 x 10–2 mmol), bis-PCBM 
(7.11) (43 mg, 3.93 x 10–2 mmol) and ortho-dichlorobenzene (8 ml.) The resulting 
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solution was degassed by three N2/vacuum purges. Next, DBTO (1 mg, 8 x 10–3 
mmol, 0.2 eq.) was added. The resulting mixture was stirred at 150 0C for 3 days. 
The products in the mixture were then precipitated with methanol and centrifuged 
yielding a brown pellet. The pellet was washed once with pentane and dried in 
vacuo at 50 0C. IR (KBr); ν (cm–1): 3439 (br) (H2O in KBr), 3058 (w), 3026 (w), 2933 
(s), 2858 (m), 1734 (s), 1601 (w), 1495 (w), 1446 (m), 1392 (w), 1249 (m), 1156 
(s), 1077 (w), 1026 (w), 755 (m), 700 (s), 675 (w), 571 (w), 545 (m), 527 (s), 504 
(w), 478 (w). 1H NMR (D2O/CS2, 300 MHz); δ (ppm): 8.16 – 7.29 (broad signals, 
phenyl ring), 4.05 (br., -OCOCH2-), 3.63 (br., -CH2OH and –OCH3), 3.18 – 0.99 
(broad signals, -C-CH2-C-). 

 

 

Bis–Phenyl–C62 bisbutyric acid 
bis 6-hydroxyhexyl ester (7.13): 
A 50 ml. flame dried three-
necked flask was charged with 
bis-PCBM (7.11) (250 mg, 0.22 
mmol), 1,6-hexanediol (1.07 g, 
9.1 mmol, 40 eq.) and DBTO 
(13.3 mg, 5.34 x 10–2 mmol, 0.24 

eq.) and dissolved in ODCB (15 ml). The resulting mixture was stirred at 140 0C for 
~17 h. The reaction mixture was purified by column chromatography over silica gel 
(2 x 15 cm). The column was prepared with toluene, the mixture was deposited 
and eluted with a toluene/pyridine (95/5) mixture. The first fraction consists of 
singly esterified product and internally ring-closed product. The second fraction 
tailed hugely, but contained mainly product, polluted with some internally ring-
closed product. This second fraction was purified by column chromatography once 
more, yielding a sticky brown solid. This sticky solid was dried on the vacuum line 
with a hotgun. The resulting dry solid was dissolved in CS2 and precipitated in 
pentane yielding a brown pellet. The pellet was washed with pentane and dried in 
vacuo at 50 0C yielding 115 mg (9 x 10 –2 mmol, 41%) of bis-transesterified product 
(7.12). IR (KBr); ν (cm–1): 3430 (s), 2932 (s), 2858 (s), 1732 (s), 1495 (m), 1459 
(m), 1466 (m), 1430 (m), 1394 (m), 1338 (m), 1252 (m), 1179 (m), 1155 (m), 1056 
(m), 761 (w), 572 (w), 545 (w), 527 (s). 1H NMR (CDCl3, 300 MHz); δ(ppm): 7.94 – 
7.39 (m, 10H), 4.09 – 4.00 (m, 4H), 3.64 – 3.62 (m, 4H), 3.10 – 2.34 (m, 10H), 2.15 
– 2.10 (m, 10H), 1.56 – 1.35 (m, 10H). 13C NMR (CDCl3, 100 MHz); δ(ppm): 
173.02, 172.96, 146.42, 146.23, 146.11, 146.02, 145.89, 145.68, 145.44, 145.34, 
145.02, 144.54, 144.24, 144.01, 143.89, 143.65, 143.11, 143.04, 141.65, 136.92, 
132.11, 131.86, 131.80, 131.76, 131.61, 131.55, 131.35, 128.34, 128.18, 128.06, 
127.90, 127.84, 80.13, 79.72, 79.12, 78.66, 75.81, 64.36, 62.62, 50.71, 49.16, 
33.94, 33.90, 33.57, 33.35, 32.98, 32.39, 28.42, 28.38, 25.56, 25.53, 25.21, 25.20, 
22.33, 22.13. MALDI-TOF m/z: 1273.44. 
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