
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Sterically Controlled Azomethine Ylide Cycloaddition 
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Phenyl-C61-butyric acid methyl ester (PCBM) is polymerized simply 

using a one-pot reaction to yield soluble, high molecular weight 

polymers. The sterically controlled azomethine ylide cycloaddition 

polymerization (SACAP) is demonstrated to be highly adaptable 

and yields polymers with probable Mn ≈ 24 600 g mol
-1

 and Mw ≈ 

73 800 g mol
-1

. Products are metal-free and of possible benefit to 

organic and hybrid photovoltaics and electronics as they form thin 

films from solution and have raised LUMOs. The promising 

electronic properties of this new polymer are discussed. 

Phenyl-C61-butyric acid methyl ester (PCBM) is one of the most 

common molecules in organic photovoltaics,
1-3

 its use 

cemented as an electron acceptor with poly(3-

hexythiophene),
4
 and now with numerous low band gap 

polymers.
5
 Its exceptional acceptor properties, ability to 

transfer charges through bulk heterojunctions (BHJs),
6
 and 

even in perovskite-based solar cells,
7
 demonstrate its wide 

applicability. In BHJs it shows a tendency to self-organize in 

such a way as to favour electron collection and percolation in 

both lateral and vertical directions.
8,9 

PCBM, however, does 

show some behaviours that are detrimental to device stability. 

The fabrication of thin films is sensitive to casting conditions, 

often leading to excessive aggregation.
10

 Furthermore, 

photonically assisted dimerization may impact device 

performances.
11 

 A possible remediation of these problems is by 

incorporating PCBM into polymers. While C60 is commonly 

integrated as moieties pendent to the main-chain,
12

 as single 

additions on C60 are the simplest to control, such polymers can 

tend to allow the C60 to overly aggregate.
13

 By incorporating 

C60 into the main-chain of the polymer the ability for 

movement is reduced. The polymerization of C60, however, 

generally leads to crosslinked materials, or necessitates multi-

step chemistry precluding industrial applications,
14

 or requires 

metals,
15

 which can be detrimental for applications.
16

 A 

challenge with fullerene chemistry is that because there are 30 

[6,6]-bonds, most reactions result in a mixture of multi-

adducts.
17

 Furthermore, a range of isomers can arise; the bis-

adduct alone shows eight isomers.
18,19

 We recently discovered 

that it is possible to control additions to C60 to yield polymers 

of reasonable molecular weights in a metal free manner; the 

sterically controlled azomethine ylide cycloaddition 

polymerization (SACAP) of C60 exploits the use of sterically 

cumbersome comonomers to ensure that the formation of 

multi-adducts is reduced, thereby diminishing crosslinking and 

increasing solubility.
20

 SACAP, based on so-called Prato 

chemistry,
19,20

 provides medium molecular weight materials 

(>15000 g mol
-1

) under certain controlled conditions. 

 In this paper, SACAP is surprisingly shown to be applicable 

to PCBM, opening the possibility that a number of C60-

derivatives might be polymerized. Furthermore, when 

compared to SACAP-formed polyC60,
20

 PCBM delivers higher 

yields of high molecular weight polymers with greater 

solubilities. The product, poly{[bispyrrolidino(phenyl-C61-

butyric acid methyl ester)]-alt-[2,5-bis(octyloxy)benzene]} 

(PPCBMB) is facile to  recover and metal-free. We also 

demonstrate the first and promising photovoltaic 

characterisations of PPCBMB. 

 The polymerization was carried out in accordance with 

Scheme 1 as a one-pot reaction using products as supplied. 

Comonomers with alkyloxy-aromatic groups were chosen due 

to their expected high solubility and stability against photo-

oxidation.
22

 Given the relatively low reactivity of C60 bonds, the 

temperature was elevated to 150 ˚C to help the reaction 

forward. The expected mechanism is based on the Prato 

reaction, i.e., a [1,3]-dipolar cycloaddition of an azomethine 

ylide with [6,6]-bonds on the fullerene moiety (Scheme 

S1).
19,21

 The ylide comes from the reaction of N-methylglycine 

(sarcosine) with 2,5-bis(octyloxy)terephthalaldehyde (1). The 

ratio (1:2:1, respectively, PCBM : sarcosine : 1) was chosen to 
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avoid multi-adduct formation, known to occur when reaction 

times are long.
18 

Fullerene undergoes reactions on exposure to 

light,
23

 and with oxygen.
24

 Therefore the reaction was carried 

out under anaerobic conditions and under cover from UV light.  

Scheme 1. Synthesis of PPCBMB: PCBM, N-methylglycine, 1, 

1,2-dichlorobenzene (DCB), 150 ˚C, 18 h, yield: 75%. The 

calculated most probable regioisomer is shown for clarity (see 

text for further details).  

  

 It is known that purifications of polymers containing 

fullerene can be troublesome; C60 tends to aggregate with the 

product. However, we found that PPCBMB was easy to purify, 

necessitating a precipitation from methanol and a Soxhlet-

wash with acetone to remove unreacted PCBM. It was found 

to be well soluble in common organic solvents (e.g., 30 mg mL
-

1 
in DCB was feasible), suggesting a low degree of crosslinking.  

Figure 1. GPC profile (THF, 30 ˚C, 330 nm) of PPCBMB. 

 

 A representative GPC curve of PPCBMB in THF is shown in 

Figure 1. The estimated molecular weights, against polystyrene 

standards, are 7000 g mol
-1 

(Mn) and 23000 g mol
-1

 (Mw), with 

a dispersity (Ð = Mw/Mn) of 3. Using chlorobenzene as an 

eluent, we find a slight increase (Mw = 25540 g mol
-1

, Ð = 3). 

Under such conditions, values are underestimated due to the 

retention of C60 by the column; for example, C60 often elutes 

after toluene.
25

 Deconvolution of GPC curves suggests that the 

molecular weight of the materials is actually higher by a factor 

of between 3 and 8 times.
20

 The smooth monomodal peak 

eluting at ca. 17 min indicates an absence of oligomers. The 

bump at 21.85 min corresponds to PCBM, of which 

deconvolution indicated there to be less than 0.3%. 

 Representative NMR spectra of starting materials and 

product are in Figure 2a. The new peaks in the PPCBMB 

spectra are in accordance with the formation of pyrrolidine 

rings. The peak in the aldehyde region seen with 

bis(octyloxy)terephthalaldehyde disappears. The 
1
H NMR in 

Figure S1 in the Supporting Information (SI) shows a broad 

signal in the aromatic region peaked at 7.38 ppm and spanning 

from 8.25 to 7.00 ppm. The general broadness of all the peaks 

confirm that the material is polymeric in nature. The broad 

signal centred at 5.02 ppm arises from protons within the 

pyrrolidine links, whereas the sharper signal at 3.61 ppm is 

attributed methyl esters and is convoluted with oxymethylene 

protons in the alkyl side-chain. The pyrrolidine N-methyl 

protons and PCBM propylene protons create a broad signal 

centred at 2.52 ppm. The aldehyde end groups afford the small 

broad bump at 10.46 ppm while a sharp peak at 10.03 ppm 

represents a tiny amount (ca 0.1 wt%) of comonomer. 

Figure 2. Above, overlay of 
1
H NMR spectra of: (1) PCBM; (2) 1; 

and (3) PPCBMB; and below, HSQC 2D NMR of PPCBMB, all in 

in CDCl3. Correlations in blue indicate methine and methyl  

groups and in green, methylenes. 

 

 Given the aforementioned mismatch between GPC 

estimated and real molecular weights, a further estimation 

was made using 
1
H NMR (Figure S1). It was assumed that 

macrocycles were not formed due to the steric bulk of the 

PCBM, and that each macromolecule carried on average one –

CHO group, as the polymerization is a polyaddition.
20
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Integrating the 
1
H NMR peak at 0.85 ppm for pendent 

comonomer methyl groups gave a value of 109 versus 1 for the 

aldehyde protons at 10.46 ppm. Assuming a respective ratio of 

six methyl protons to 1 aldehyde proton in the repeating unit, 

we infer the degree of polymerization to be 109/6 = 18.2. 

Multiplying this by the repeating unit molar mass affords Mn = 

24670 g mol
-1

. Assuming Ð = 3, Mw is thus 73800 g mol
-1

. While 

an estimate, these are most likely closer to actual values. 

 The 2-D NMR in Figure 2 details the correlations for 

methine, methylene and methyl groups of the pyrrolidine 

linkages. These results are further supported by the 
13

C NMR 

of PPCBMB (see Figure S2) in which the peaks associated with 

the N-methyl and methine groups are observed respectively at 

40.1 ppm and 69.2 ppm while the peak arising from methylene 

is obscured by peaks due  to chloroform. 

 The DOSY 
1
H NMR spectrum (Figure S3) shows the diffusion 

profile of PPCBMB. All protons are in the same regime, 

confirming a monomodal molecular weight distribution. 

Figure 3. LUMO frontier orbitals for the most probable 

PPCBMB adducts in DFT B3LYP/6-31G** level of theory. 

 

 To model the most probable isomeric structure of the 

repeating unit, PCBM was treated using DFT with B3LYP/6-

31G** theoretical level (see SI, Figure S4).
26

 Calculations were 

carried out assuming the regions of highest LUMO density to 

be the target of successive attacks,
20

 to give the intermediate 

structure PCBM-1 (Figure S5), and the most probable tris-

adduct PCBM-2 shown in Scheme 1 and Figure 3. In 

accordance with expectations, successive additions raise the 

LUMO, and reduce the electron affinity and the 

electrophilicity, as detailed in the SI. The isomeric structure of 

PPCBMB will be the subject of future work. Cyclovoltammetry 

confirmed this increase in the LUMO, indicating -3.8 eV for 

PCBM and -3.34 eV for PPCBMB (Figure S6). 

 In comparing the solution UV-visible absorption spectra of 

PCBM, PPCBMB and 1 (Figure S7) it is found that the 

characteristic absorption maximum of 1 is lost due to 

disruption of conjugation by the removal of aldehyde groups 

during the reaction. The absorption maximum of PPCBMB is 

blue shifted with respect to PCBM owing to a disruption of 

fullerene conjugation.
27

 This disruption will vary depending on 

which 6,6-bonds are reacted. The contribution of 

regioregularity, i.e., the various isomers present in the chains, 

and scattering to the PPCBMB UV curve is under investigation.  

 Figures S8 and S9 show the thermogravimetric and DSC 

characterisations, respectively, of PPCBMB. The TGA shows the 

material to be stable up to 350 ˚C. PCBM degrades at around 

400 ˚C.
28

 The smooth DSC curve tends to indicate an 

amorphous quality, however, further studies are required, 

especially given the shiny appearance of PPCBMB shown in 

Figure S10, which also shows the visually defect-free film that 

was blade cast from o-xylene.   

Figure 4. Representative current-voltage characteristics of 

non-optimized devices with P3HT:PPCBMB active layer. 

 

 Photovoltaic cells were made using PPCBMB as an acceptor 

with the archetypal poly(3-hexylthiophene) (P3HT) in an 

‘inverted’ bulk heterojunction architecture and processed from 

industrially applicable neat xylene in an ambient environment. 

Even though the use of non-halogenated solvents and 

processing in air are known to be non-optimal for device 

performances, these conditions were chosen inline with 

industrial requirements.
29

 Figure 4 shows current-voltage 

curves and a summary of the photovoltaic characteristics. The 

open circuit voltage (Voc) is found to be ca. 200 meV higher 

with respect to devices made with PCBM acceptors,
30

 

confirming the elevation of PPCBMB LUMO levels with respect 

to PCBM and in general agreement with the cyclovoltammetry 

and  modelling studies (see SI). However, the devices are 

penalized by low short circuit currents resulting in reduced 

efficiencies. Their fabrication incorporates conditions 

optimized for PCBM, which may not be the same for PPCBMB. 

Future studies will concentrate on optimizing conditions for 

this new material.  

 Photo-CELIV measurements carried out on the 

aforementioned devices (Figure S11) provided a mobility value 

of 2 x 10
-4

 cm
2
 V

-1
 s

-1 
for the blend, similar to that of blends of 

P3HT:PCBM (6 x 10
-4

 cm
2
 V

-1
 s

-1
) prepared in the same 

manner,
31

 and comparable to many high-performing blends.
32 

This suggests that the blends possess reasonable mobilities 

and is not a limiting factor in terms of device performance. 

 To sum, the SACAP route can be extended to PCBM to yield 

thermally stable, soluble materials that exhibit raised LUMOs 

and film forming properties making them extremely promising 

for organic electronic and other applications. The use of PCBM 

in place of C60 leads to more soluble macromolecules in higher 

yields. It is expected that this polymerization technique can be 

extended to a range of comonomers and fullerenes. The 

photovoltaic properties of this material will be further studied, 

and initial modelling studies furthered to complement 
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spectroscopic techniques to elucidate the regioregularity of 

this interesting new system.  

Notes and references 

Experimental 

Synthesis of PPCBMB. 2,5-Bis(octyloxy)terephthalaldehyde (0.21 g, 

0.55 mmol), PC60BM (0.50 g, 0.55 mmol) and N-methylglycine (0.10 

g, 1.11 mmol) were dissolved in degassed 1,2-dichlorobenzene (20 

mL) and stirred at 150 °C for 18 h, then poured into methanol (250 

mL). The precipitate was recovered by filtration directly into a 

Soxhlet thimble, acetone washed for 3 days, and recovered as a 

shiny black powder, yield: 75% (0.48 g). GPC: Mw = 23000 g mol
-1

; 

Mn = 7500 g mol
-1

; Ð = 3.00 (THF, 30 ˚C, 330 nm).  NMR: 
1
H NMR 

(400.6 MHz, 5 mg ml
-1

,CDCl3) δ = 10.46 (broad, -COH), 8.26 – 6.84 

(broad, aromatics), 5.41-4.62 (broad, -CH-N-, -CH2-N-), 4.18 – 3.41 

(broad, -OCH2(CH2)6CH3, -COOCH3), 2.82-2.17 (broad, -CH3-N-, -

(CH2)3COOCH3), 1.68-1.07 (broad, -OCH2(CH2)6CH3), 0.93 (broad, -

OCH2(CH2)6CH3) ppm. 
13

C NMR (100.16 MHz, 5 mg ml
-1

, CDCl3) δ = 

173.5 (s, -COOCH3), 152.1-113.9 (m, aromatics), 69.2 (m, -CH2-N-, O-

CH2(CH2)6CH3), 51.6 (s, -COOCH3 ) 40.1 (s, -CH3-N-), 34.1-31.9 (m, -

(CH2)3COOCH3), 29.4-22.2 (m, -OCH2(CH2)6CH3), 14.2 (s, -

OCH2(CH2)6CH3) ppm. 2D-HSQC NMR (5 mg ml
-1

, CDCl3), d=δ=7.44, 

128.0 (aromatics); 5.41, 76.7 (-CH-N-); 4.81-3.87, 69.2 (-CH2-N-, -

OCH2(CH2)6CH3); 3.62, 51.6 (-COOCH3); 2.80-2.61, 40.1 (-CH3-N-); 

2.63-2.28, 34.1-33.8 (-(CH2)3COOCH3); 1.68-0.99, 31.9-22.2 (-

OCH2(CH2)6CH3); 0.93,14.22 (OCH2(CH2)6CH3) ppm. 

 

Acknowledgements 

The research leading to these results has received funding from the 

European Union Seventh Framework Program (FP7/2011) under 

grant agreement ESTABLIS no. 290022 and from the French Region 

Aquitaine under grant FULLINC 2011. Dr M. Pédeutour and Mr A. 

Magomedov are warmly thanked for administrative support and 

help with CV measurements, respectively. 

 

References 

1 J. Hummelen, B. Knight, F. LePeq, F. Wudl and J. Yao, J. Org. 

Chem. 1995, 60, 532.. 
2 G. Yu, J. Gao, J. C. Hummelen, F. Wudl and A. J. Heeger, 

Science 1995, 270, 1789. 

3 S. Gunes, H. Neugebauer and N. S. Sariciftci, Chem. Rev. 
2007, 107, 1324. 

4 M. T. Dang, L. Hirsch and G. Wantz, Adv. Mater. 2011, 23, 

3597. 
5 a) M. C. Scharber and N. S. Sariciftci, Prog. Polym. Sci. 2013, 

38, 1929; b) G. Dennler, M. C. Scharber, T. Ameri, P. Denk, K. 

Forberich, C. Waldauf and C. J. Brabec, Adv. Mater. 2008, 20, 
579; c) M. C. Scharber, D. Mühlbacher, M. Koppe, P. Denk, C. 
Waldauf, A. J. Heeger, C.J. Brabec, Adv. Mater. 2006, 18, 789. 

6 (a) J. Nelson, Materials Today 2011, 14, 462; (b) F. Li, K. G. 
Yager, N. M. Dawson, J. Yang, K. J. Malloy and Y. Qin, 
Macromolecules 2013, 46, 9021. 

7 F. Guo, H. Azimi, Y. Hou, T. Przybilla, M. Hu, C. Bronnbauer, S. 
Langner, E. Spiecker, K. Forberich and C. J. Brabec, Nanoscale 
2015, 7, 1642. 

8 D. Chen, A. Nakahara, D. Wei, D. Nordlund and T. P. Russell, 
Nano Lett. 2011, 11, 561. 

9 M. Campoy-Quiles, T. Ferenczi, T.  Agostinelli, P. G. 

Etchegoin, Y. Kim, T. D. Anthopoulos, P. N. Stavrinou, D. D. C. 
Bradley and J. Nelson, Nat Mater. 2008, 7, 158. 

10 F. Piersimoni, G. Degutis, S. Bertho, K. Vandewal, D. Spoltore, 

T. Vangerven, J. Drijkoningen, M. K. Van Bael, A. Hardy, J. 
D’Haen, W. Maes, D. Vanderzande, M. Nesladek and J. 
Manca,  J. Polym. Sci. Pt. B: Polym. Phys. 2013, 51, 1209. 

11 a) A. Distler, T. Sauermann, H.-J Egelhaaf, S. Rodman, D. 
Waller, K. S. Cheon, M. Lee and D. M. Guildi, Adv. Energy 

Mater. 2014, 4, 1300693; b) G. E. Morse, A. Tournebize, A. 

Rivaton, T. Chassé, C. Taviot-Gueho, N. Blouin, O. R. Lozman 
and S. Tierney, Phys. Chem. Chem. Phys. 2015, 17, 11884; c) 
Z. Li, H. C. Wong, Z. Huang, H. Zhong, C.H. Tan, W.C. Tsoi, J. S. 

Kim, J. R. Durrant and J. T. Cabral, Nat. Comm. 2013, 4, 2227. 
12 F. Giacalone and N. Martín, Chem. Rev. 2006, 106, 5136. 
13 B. Gholamkhass, T. J. Peckham and S. Holdcroft, Polym. 

Chem. 2010, 1, 708. 
14 (a) A. Gügel, P. Belik, M. Walter, A. Kraus, E. Harth, M. 

Wagner, J. Spickermann and K. Müllen, Tetrahedron 1996, 

52, 5007; (b) H. Ito, Y. Ishida and K. Saigo, Tetrahedron Lett. 

2006, 47, 3095. 
15 (a) R. C. Hiorns, E. Cloutet, E. Ibarboure, L. Vignau, N. 

Lemaître, S. Guillerez, C. Absalon and H. Cramail, 
Macromolecules 2009, 42, 3549; (b) R. C. Hiorns, E. Cloutet, 
E. Ibarboure, A. Khoukh, H. Bejbouji, L. Vignau and H. 

Cramail,  Macromolecules 2010, 43, 6033. 
16 (a) M. Urien, G. Wantz, E. Cloutet, L. Hirsch, P. Tardy, L. 

Vignau, H. Cramail and J.-P. Parneix, Org. Elect. 2007, 8, 727; 

(b) A. Dupuis, P. Wong-Wah-Chung, R. A. Rivaton and J.-L. 
Gardette, Polymer Degradation and Stability 2012, 97, 366. 

17 M. Izquierdo, M. R. Cerón, N. Alegret, A. J. Metta-Magaña, A. 

Rodríguez-Fortea, J. M. Poblet and L. Echegoyen, Angew. 

Chem. Int. Ed. 2013, 52, 12928. 
18 K. Kordatos, S. Bosi, T. Da Ros, A. Zambon, V. Lucchini and M. 

J. Prato, J. Org. Chem. 2001, 66, 2802. 
19 M. Prato and M. Maggini, Acc. Chem. Res. 1998, 31, 519. 
20 H. H. Ramanitra, H. Santos Silva, B. A. Bregadiolli, A. Khoukh, 

C. M. S. Combe, S. A. Dowland, D. Bégué, C. F. O. Graeff, C. 
Dagron-Lartigau, A. Distler, G. Morse and R. C. Hiorns, 
Macromolecules 2016, 49, 1681. 

21 M. Maggini, G. Scorrano and M. Prato, J. Am. Chem. Soc. 
1993, 115, 9798. 

22 H. Santos Silva, A. Tournebize, D. Bégué, H. Peisert, T. 

Chassé, J.-L. Gardette, S. Thérias, A. Rivaton and R. C. Hiorns, 
RSC Advances 2014, 4, 54919. 

23 P. Eklund, A. M. Rao, P. Zhou, Y. Wang and J. M. Holden, Thin 

Solid Films 1995, 257, 185. 
24 I. E. Brumboiu, L. Ericsson, R. Hansson, E. Moons, O. Eriksson, 

and B. Brena, J. Chem. Phys. 2015, 142, 054306. 

25 F. Audouin, R. Nuffer and C. J. Mathis, Polym. Sci., Pt A: 

Polym. Chem. 2004, 42, 3456. 
26 (a) F. Neese, F. Wennmohs, A. Hansen and U.  Becker, Chem. 

Phys. 2009, 356, 98; (b) C. Huber and T. J. Klamroth, Chem. 

Phys. 2011, 134, 054113; (c) F. Neese, Wiley Interdisciplinary 

Reviews: Computational Molecular Science 2012, 2, 73.   

27 S. Leach, M. Vervloet, A. Despres, E. Breheret, J. P. Hare, T. J 
Dennis, H. W. Kroto, R. Taylor and D. R. M. Walton, Chem. 

Phys. 1992, 160, 451. 

28 T. T. Ngo, D. N. Nguyen and V. T. Nguyen, Adv. Nat. Sci.: 

Nanosci. Nanotechnol. 2012, 3, 045001. 
29 M. Schrödner, S. Sensfuss, H. Schache, K. Schultheis, T. 

Welzel, K. Heinemann, R. Milker, J. Marten and L. 
Blankenburg, Sol. Energ. Mat. Sol. Cells 2012, 107, 283. 

30 C. J. Brabec, A. Cravino, D. Meissner, N. S. Sariciftci, T. 

Fromherz, M. T. Rispens, L. Sanchez and J. C. Hummelen, 
Adv. Funct. Mater. 2001, 11, 374.   

31 M. Stephen, S. Karuthedath, T. Sauermann, K. Genevičius 

and G. Juška, Proc. of SPIE 2014, 9184, 918424. 

32 T. M. Clarke, D. B. Rodovsky, A. A. Herzing, J. Peet, G. 

Dennler, G. DeLongchamp, C. Lungenschmied and A. Mozer, 

A. J. Adv. Energy Mater. 2011, 1, 1062. 

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


