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ABSTRACT: Fullerene is used as a monomer in this simple
method to prepare soluble, well-defined polymers. The
sterically controlled azomethine ylide cycloaddition polymer-
ization of fullerene (SACAP) yields macromolecules with
molecular weights of around 25000 g mol . Importantly,
cumbersome comonomers are employed to restrict cross-
linking. Extensive characterizations, with the help of modeling
studies, indicate that the polymers are regio-irregular with a
majority of trans-3 isomers. Of particular interest is the
exceptional ease of preparing polymers with zero metal
content.

B INTRODUCTION

Azomethine ylide cycloadditions to fullerene (Cg),' commonly
called Prato chemistry, by way of their facile nature and
adaptability to numerous groups have provided pyrrolidino-
fullerenes of interest for photovoltaics,2 organic electronics,’
medicine," ° and molecular machines.” However, due to the
difficulties of controlling multiadditions to this spherical
molecule combined with its relatively poor reactivity,” it has
been impossible to our knowledge to form poly(fullerene)s in a
controlled manner using this chemistry. While a great
challenge, the synthesis of soluble poly(pyrrolidinofullerene)s
(PPCs) might extend their optoelectronic and biological
properties by combination with the excellent processing,
stabilities, and meso-morphology of polymers.” While Cy, is
typically incorporated into polymers as a pendent moiety,'” as
it is possible to limit reactions to one site, such materials tend
to suffer from Cgy’s strong tendency to aggregate.'' A possible
route to resolving this is by using Cg as a monomer, with
highly soluble comonomers, so that the Cg; is geometrically
forced to act like a vector in a linear chain.

More generally speaking, there are numerous challenges to
preparing polymers from Cg, not least the difficulty of
restricting the number of additions to the Cg, sphere to two
when there are 30 [6,6]-bonds. This renders cross-linking
reactions probable. While the atom transfer radical addition
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polymerization (ATRAP) of fullerene permits directed, paired
radical additions to one Cg, phenyl ring at 1,4-positions,” it
requires high quantities of CuBr which elicits concerns of
expense and impact on device operation with even minute
residual impurities.'”” Other methods of fullerene polymer-
ization,'” notably by Diels—Alder chemistry,'* the use of
methano—bridges,ls or tether-directed premodification of Cg
with bis(sulfonium ylides)"® respectively result in cross-linking,
intractable products, and the use of complex preparative
chemistry.

Successful preparation of PPCs would allow metal-free
polymers to be made with facile comonomer modulability for
further adaptation to medical and bioelectronic applications
and possibly result in materials for use as n-type semi-
conductors in organic (opto)electronics through pertinent
modification of the Cqy LUMO levels. Usefully, Cg4, bis-adducts
typically raise the V. of photovoltaic devices by ca. 100 mV
with respect their monoadduct counterparts due to their higher
LUMOs."” However, the formation of linear polymers needs
high reaction yields (>95%) and exclusive bis-adduct formation.
The reaction of C4 and azomethine ylides reportedly have
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yields around 80% with respect Cq, and, when “pushed”
beyond monoadduct formation by the addition of excess
glycines, give rise to mixtures of bis- and multi-adducts."™"*"?
This would result in insoluble, cross-linked polymers.

In any azomethine ylide bis-addition to fullerene, there are
eight possible product pyrrolidinofullerene bis-adducts; these
addition patterns are shown in Figure S1 of the Supporting
Information. Kordatos et al. demonstrated preferential bis-
additions occurring at trans-3 and equatorial positions and then
trans-2, trans-4, and cis-2 in that order when reacting Cy, with
cumbersome groups; the order was modified and extended for
smaller reagents to trans-3, equatorial, cis-2, trans-4, trans-2, cis-
3, trans-1, and cis-1.°° We found a not dissimilar order (trans-2,
trans-3) when adding cumbersome polymers to Cg,, although
cis and equatorial isomers were excluded due to steric
constraints.”' In all cases, tris-adducts have been found, and
their presence increases with reaction times. Tris-additions are
particularly deleterious to the formation of soluble polymers as
even low concentrations would form cross-links. Nevertheless,
given the possibility of some control over addition patterns to
Cyos it was wondered whether the employment of bis-aldehydes
with large side groups could lead to linear PPCggs.

This work thus reports the remarkable finding that under
sterically controlled conditions, it is possible to prepare highly
soluble PPCs with molecular weights greater than 25000 g
moltina one-pot, metal-free, adaptable process. Because of its
modularity, it is expected that this new sterically controlled
azomethine ylide cycloaddition polymerization (SACAP) might
facilitate the formation of a wide range of materials. It is
demonstrated here with organic photovoltaic (OPV) cells.

B RESULTS AND DISCUSSION

Comonomer Preparation. To explore the possibility of
sterically controlling the polymerization, three possible
comonomers with increasingly large side groups were chosen
and prepared as in Scheme 1: terephthaldehyde (1), bis-2,5-
(octyloxy)terephthaldehyde (5), and bis-2,5-(dodecyl)-
terephthaldehyde (8). Aromatic-oxy-alkyl side groups are
chosen for their expected photostability,” high solubility, and
ease of preparation via a Williamson condensation of
hydroquinone (1) with respective alkyl bromides in reasonable
yields (60—70%).>® It was expected that the subsequent bis-
bromomethylation might be sensitive to the presence of large
alkyl chains; indeed, prior work by Made et al. showed with
small substituents yields of around 95% could be obtained,”*
but in our case we had to be content with yields around 75%.
Indeed, attempting to make 2,5-bis(bromomethyl)-1,4-bis-
(hexadecyl)benzene, we found yields were variable. Further-
more, while the alternate route provided by Wang et al. was
found manageable,” it required five steps in all from the
hydroquinone to the aldehyde aromatic ether 5 or 8. Therefore,
a “short cut” was found by going from the bromomethylated
product with slight modification of ref 25. Thus, $ and 8 were
successfully prepared by oxidation with dimethyl sulfoxide, and
while low to reasonable yields (21—47%) were found, two
synthetic steps had been removed. Full details of the syntheses
along with 'H and *C NMR can be seen in the Supporting
Information (Figures $2—S13).

Formation of PPC1—PPC6. In order to attain high molar
masses, it was expected that long reaction times (i.e., ca. 18 h)
would be required given the low reactivity of fullerene. As
mentioned above, in the presence of excess aldehydes, extended
reactions can lead to tris-adducts.”® Similarly, the use of excess
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Scheme 1. Syntheses of the Oligo(pyrrolidinofullerene)s and
PPCs”

PPC1, PPC2, R=H
PPC3, PPC4, R = OCgH47
PPC5, PPC6, R = OC;,Hps

CHO

OHC@CHO OHC CHO OHC CHO
2 5 8
OCgHy7 OCy2Has
Te) Tf)
CgHy7Q C12H250
BrH,C CH,Br BrH,C CH,Br
4
OCgH17 OCyzHos
c) Td)
CgH¢70
HO e Cy2H250
8
1@ 3 OCgH 6
OH b) il OCy2Has

“Reagents and conditions: (a) 1-bromooctane, K,COj, 1, acetonitrile,
70%; (b) 1-bromododecane, K,CO;, 1, acetonitrile, 60%; (c)
(-CH,0-), acetic acid, 3, HBr, 73%; (d) (-CH,O-), acetic acid, 6,
HBr, 75%; (e) NaHCO;, 4, dimethyl sulfoxide, 47%; (f) NaHCOs, 7,
dimethyl sulfoxide, 21%; (g) Cq, N-methylglycine, 2, toluene or DCB,
respectively, for PPC1, 38%, and PPC2, 30%; (h) Cg, N-
methylglycine, S, toluene or DCB, respectively, for PPC3, 41%, and
PPC4, 58%; (i) Cgo N-methylglycine, 8, toluene or DCB, respectively,
for PPCS, 42%, and PPC6, 35%.

N-alkylglycine, while ensuring bis-additions to Cg, can also lead
to multiadditions.”” Therefore, to allow long reactions while
minimizing multiadditions, so that high molar mass polymers
could be formed, the reagents were mixed at absolute ratios, i.e.,
2 or § or 8: Cyy: N-methylglycine, respectively, at 1:1:2. Two
extreme sets of conditions were employed to better understand
the reaction, namely (A) toluene, 110 °C, and ca. C¢, 0.91 mg
toluene mL™" or (B) 1,2-dichlorobenzene (DCB), 150 °C, Cq,
20 mg DCB mL™". The concentrations were chosen as the
highest possible without risking fullerene precipitation. Full
experimental details, and 1D and 2D NMR, are given in the
Supporting Information (Figures $14—S35).

The results of size exclusion chromatography (SEC) of
PPC1—-PPC6 show an increase in molecular weights with the
increasing size of the comonomer chains, whether the reaction
is in toluene (Figure la) or in DCB (Figure 1b). Figure S36
shows all curves on the same axes. The exceptionally poor
solubility of PPC1 and PPC2 combined with their low
molecular weights and the difficulties of purifications (vide
infra) confirm high levels of cross-linking. The use of high
concentrations of reagents and temperature in method B
permitted high yields of soluble long chains with sterically

DOI: 10.1021/acs.macromol.5b02793
Macromolecules 2016, 49, 1681—-1691


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02793/suppl_file/ma5b02793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02793/suppl_file/ma5b02793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02793/suppl_file/ma5b02793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02793/suppl_file/ma5b02793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02793/suppl_file/ma5b02793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5b02793/suppl_file/ma5b02793_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.5b02793

Macromolecules

' PPCS

{PPCI

o
)

o
o

absorbance (a.u.)
j=1
»

o
o

PPC6

o
o

absorbance (a.u.)
j=1
>

S
()

22 27 32 37 4 47 52 57
time (min)

Figure 1. SECs of oligo(pyrrolidinofullerene)s and PPCs (THF, 4 =
300 nm): (a) from toluene 110 °C and (b) from DCB at 150 °C.

cumbersome PPC4 but also led to low yields and cross-linking
with PPC2. In effect, the use of large comonomers is more
critical to high polymer formation under high temperature and
concentration conditions.

Table 1 brings together values from SECs shown in Figure 1.
Normal polystyrene-based calibration is inadequate for these
polymers: Cg, elutes extremely late from the column, as shown
by peaks at ca. 54 min, a full 13 min after the toluene marker.”®
Thus, the values in Table 1 severely underestimate the actual
value for the molar masses of the polymers. A better, if
approximate, estimation is made by inspecting the number of

peaks from right to left and assuming that each is due to an
integral number of repeating units, in a method that has been
successfully employed elsewhere.'”'* Once discrete peaks are
no longer discerned then, by definition, a polymer has been
attained.”” PPC1 and PPC2 show weak signals in the column
due to their exceptionally low solubility—a strong indicator of
their cross-linked nature. Furthermore, their low molar masses,
high dispersities, and multimodal curves indicate reactions
limited by cross-linking and precipitation. Turning to poly-
{fullerene-alt-[2,5-bis(octyloxy)terephthalaldehyde]} (PPC3
and PPC4), made with sterically larger comonomers, there is
a clear increase in mass, making them respectively around 5850
and 15200 g mol ™ at their Ms. The former, made in toluene,
has a growth inhibited by the low concentration and
temperature of the reaction. The low concentration enhances
the possibility of the formation of macrocycles,” which may
also explain the numerous low molecular weight materials. An
initial exploration of ring structures was performed in AMI
(Gaussian ’09)*” which tentatively suggested that the ring strain
imposed by the bulk of in-chain C4, may be overcome when
chains are at least five or so repeating units long. PPC4,
prepared at 150 °C in DCB, demonstrates polymer-like
qualities, with the formation of a smooth SEC peak
uninterrupted at high molecular weights and only a few lower
molecular weight oligomers. While cross-linking cannot yet be
ruled out, it is no longer present enough to dominant the
solution properties of the material. This effect is further
strengthened when considering PPCS and PPC6, made with
the most cumbersome comonomers. The molecular weights
obtained from counting off peaks are respectively around
19100 and 24300 g mol™!, and the materials show high
solubilities.

The SECs show that the choice of the comonomer has a
great role in determining the molecular weights of the final
products: the greater the bulk of the comonomers, the more
effective the blocking of multiple attacks on the fullerene and
the reduced number of cross-links. Using high concentrations

Table 1. Molecular Characteristic of the Materials Studied”

Polymer Comonomer Condition M," p" M, (g mol ™)
set” (g mol™) [repeating units]'®!
PPC1 OHCOCHO A 820 4.4 9[(1)5)
PPC2 o joo B 1850 938 ?‘l)g?
CgH470
PPC3 OHcQCHo A 3360 1.1 58550
OCgH47 [ ]
CgHy70
PPC4 OHcQCHo B 4640 2.2 15200
[13]
OCgH17
C12H25Q
PPC5 oHchHo A 4630 1.7 19100
[15]
OC12Hzs
C12H25Q
PPC6 OHcQCHo B 10840 1.9 2?139(;0

OC12Hps

“A = refluxing toluene; B = DCB, 150 °C. bSEC (polystyrene standards, THF, 30 °C, UV 300 nm). “Most probable M,, by deconvolution of SEC

curves.
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Figure 2. Plots for PPC4 of (a) the variation in x, with p for the formation of PPC4 and (b) of 1/(1 — p) against time showing three different
regimes (A, B, and C). Straight lines are linear fits within each domain.

and high temperatures can increase the molecular weights.
Furthermore, current work has shown that even higher
molecular weights are indicated (ca. 70000 g mol™) when
using chlorinated solvents in the SEC in place of THEF;
however, these values require verification. MALDI-TOF was
attempted but resulted in indeterminate peaks due to
secondary, in situ reactions.>

To better understand the importance of temperature and Cg,
concentration on the reaction, further experiments were
performed at fixed, comparable concentrations and temper-
atures; ie., the polymerization was performed using § in DCB
at both 110 and 150 °C, with either 0.9 or 20 mg mL™" of Cg,.
As shown in the Supporting Information (Figures S37 and
$38), the results are much as those expected. Both temperature
and concentration result in increased molar masses for a fixed
reaction time; however, temperature clearly causes the greater
effect. The ylide cycloaddition is known to require high
temperatures.”’ Interestingly, when performed at the lower
temperature, the dispersity (P = M,/M,)”” of the product is
very high (P > 30). As to why this is happening is not clear and
will be considered in future studies. To sum for now,
performing the reaction at 150 °C with a concentration of 20
mg mL™" results in PPCs with reasonably high molecular
weights and low dispersities.

Kinetics. Given the mechanism of the cycloaddition to Cg,"
it was expected that the formation of macromolecules would be
essentially in accordance with step polymerization kinetics’
modified by aggregation effects, steric constraints, or
precipitation. To investigate, the formation of PPC4 in DCB
(150 °C, Cg at 20 mg mL™") was followed by SEC, as shown
in Figure S39. The values of M,, M, and D are given in the
Supporting Information (Table S1). Even though the values for
M, are clearly erroneous due to retention of polymers,
oligomers, and Cg in the column, the data can be explored
when assuming it to be a self-consistent set. Figure S40a shows
that M, does not increase linearly with time; it initially
decreases. This is most likely due to the dissolution of reagents
with time—aggregates of Cg, disappearing over a period of an
hour or so. Indeed, this is further confirmed when considering
the reaction in terms of the consumption of Cg;, as in Figure
S40b. There is an initial increase in Cg, concentration due to
the delay in its dissolution; it is still in aggregates that are
filtered out prior to injection in the machine. There then
follows a phase of about 3 h where there is a negligible increase
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in M, due to a formation of either or both ylides and low
molecular weight oligomers.

Assuming that the second part of the reaction, between ca.
180 and 600 min, is a second-order polyaddition (other order
plots did not give better results) between that of the ylide and
Cgp, and given that the average degree of polymerization (x,) is
related to the extent of the reaction (p) through the Carothers
equation, ie, x, = 1/(1 — p),**** the polymerization can be
better understood as a function of its progress, as detailed in
Table S2 and shown in Figure 2a. The typical curve for a
polyaddition is obtained; however, it falls well short of p = 1,
i.e,, a complete reaction. Toward the end of the reaction, for a
pure polyaddition one would expect P = 2 (obtained from the
Flory equation, D = 1 + p); however, actual values upward of S
are obtained (listed in Table S3). This difference would tend to
confirm that aggregation occurs at high molecular weights but
may also confirm the formation of macrocylics.”®

Again, making the assumption that the main part of the
polymerization is a second-order step polymerization by
plotting 1/(1 — p) against time (Figure 2b), an indication of
the rate constant (k) during the reaction can be found in
accordance with [M]okt = 1/(1 — p) — 1 where [M], is the
initial concentration of Cg.””** Confirming the prior results,
Figure 2b shows three distinct regimes: (A) a period of
induction, where Cg, dissolution or ylide formation or both are
rate determining up to the 180th minute; (B) a period where
the polymerization proceeds in accordance with a typical step
growth reaction to around 10 h; (C) where the polymerization
is limited by product precipitation. For each region, the value of
the rate constants have been calculated and are shown in Table
S4. [M], is assumed to be the initial Cg, concentration. As
possible macrocyclic formation is not taken into account, such
values should be considered an initial estimate only. For regime
B, k is of the order of 7.1 X 10™* L mol™" s/, nearly 3 times the
rate constant (2.9 X 107* L mol™" s™") for the induction period
in regime A. The final domain C gives a rate constant of around
45 X 10* L mol™ s7' and is most likely slowed by
precipitation. The possibility of retro-cycloadditions cannot be
completely excluded; however, for them to occur we would
expect that any degradation products, ie., azomethine ylides,
would carry stabilizing substituents such as ester or aryl
groups.”” Indeed, we found by 'H NMR that PPC4 showed no
degradation after 14 h at 150 °C in 1,4-dichlorobenzene-d,.
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Figure 3. Top: (a) comparisons between the spectra for the generic compound of Figure $41 and PPC3. Bottom: (b) comparisons of UV curves
(left) PPC1, PPC3, and PPCS5 and (right) PPC2, PPC4, and PPC6 (toluene).

Purification. The removal of Cy, from macromolecules can
be troublesome.'” While Soxhlet treatment with hexane can
leave traces of Cg in the product, and five reprecipitations from
chlorobenzene into hexane are preferred to remove all traces of
Ceo"° we felt that this intensive manipulation risked invoking
chain cross-linking through oxygen-bridge formation with air’’
and 2 + 2 cycloadditions with light.”® It was therefore preferable
to work with minor concentrations of fullerene in the mixtures,
estimated from integration over SECs performed at 300 nm to
be of the order of 3 mol % for PPC1, PPC3, PPC4, and PPC6.
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Indeed, using Soxhlet alone, we managed to remove all Cg,
from PPCS. *C NMR (see figures in the Supporting
Information), while not quantitative, confirm the scale of
these values. However, PPC2, could not be washed of its Cy,
which remained of the order of 47 mol %, confirming extremely
high levels of cross-linking.

Modeling and UV-Vis Characterization. Given the
polymeric nature of the products, it was expected that both
UV—vis and NMR characterizations would be complicated by
the variety of possible in-chain isomers and the multiplicity of
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Figure 4. From bottom to top: the 'H spectra (1,4-DCB-d,) of PPC3, PPC4, PPCS, and PPC6.

environments for each repeating unit. Furthermore, UV—vis
spectra were not expected to give diagnostic information due to
the admixing of multiple absorptions. As mentioned above, a
mixture of predominantly trans-3, equatorial, trans-2, trans-4,
and cis-2 isomers would be expected in the polymer chains.”**!
Cis isomers are generally excluded by steric effects. Modeling
was thus explored to determine: first, what UV spectra might be
expected for the possible isomers and, second, the most
preferred isomer formed by the reaction.

The geometries were optimized within the B3LYP/6-31G**
level of theory,”” and their UV—visible electronic transitions
were calculated by time-dependent density functional theory
within the same formalism. For all the calculations, the
RIJCOSX approximation was used, and all the calculations
were run in Orca 3.0.2 software.” The theoretical electronic
transitions were enveloped by Gaussian functions with 0.125 eV
at fwhm and shifted to have their highest-intensity maximum
coincident with the experimental spectra. Further experimental
notes are given in Figure S41. The calculated curves are
exemplified by their comparison against PPC3 in Figure 3a.
The closest correlation between the UV—vis spectrum and the
calculated spectra is found with the trans-3 isomer; however,
there is also a minor “bump” at ca. 2.8 eV associated with the
trans-2 adduct, indicating a mixture of both in the chains and in
agreement with prior work,” and trans-4 and equatorial
products appear limited, again in a not unexpected result.”'
Interestingly, when comparing PPC1, PPC3, and PPCS in
Figure 3b, the three materials made in toluene, the bump at 2.8
eV is still present, if reduced by the scattering caused by
aggregation of PPCS and possible steric effects of the larger
comonomer. Turning to PPC2, PPC4, and PPC6, the products
of reactions in DCB at a higher temperature, the 2.8 eV bump
is no longer distinguishable, suggesting that trans-2 additions
are reduced. The experiments were numerously repeated and
even with ultrasound treatment and purifications, PPC4 and
PPCS always gave scattering in the UV—vis spectra, indicting
the presence of aggregates. This will be the subject of future
studies. In all cases, the correlations between calculated and
actual values is poor in the zone below 2.5 eV. In PPC1 this
effect is highly exaggerated (see Figure S$42, Supporting
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Information) and likely due to numerous isomers and tris-
adducts.!

In an attempt to better understand the underlying process,
the frontier molecular orbital-based mechanism of the 1,3-
dipolar azomethine cycloaddition to Cg, was considered. As a
pericyclic reaction, Woodward—Hoffmann rules are followed
and the frontier molecular orbitals of the 1,3-dipole and the
dipolarophile overlap in allowed symmetry of z* + z’s. Such
orbital overlaps can be achieved in three ways: type I, II, and IIL.
The dominant pathway is the one which possesses the smallest
HOMO-LUMO energy gap.”” The Cg, dipolarophile
possesses a LUMO, and therefore the orbital overlap occurs
between the HOMO of the 1,3-dipole and the LUMO of the
already modified Cq (i.e., Cgp-monoadduct). Figure S43 shows
the energy diagram in which the HOMO—-LUMO gap for two
possible configurations, indicated as blue and red, are 4.54 eV
and only 0.43 eV, respectively. Thus, any specific reaction site is
not ruled out by the C4y HOMO but rather by its LUMO.
Based on this analysis, and the information garnered from
Figure S44 showing frontier orbitals, it is clear that equatorial
and trans-1 bis-adducts are not favored due to poor LUMO
distributions. Cis-1 and cis-2 may occur but suffer from steric
hindrance. Cis-3 and trans-4 may also occur but from TDDFT
calculations are not apparent. In complete agreement with the
above UV—vis work, frans-3 and trans-2 show the most
favorable LUMO distributions, while the overall order found is
trans-3 > trans-2 > cis-2/trans-4/cis-3 > equatorial/trans-1 > cis-
1. These results are not unfavorable in comparison with those
of Kordatos et al.* although they found a greater presence of
equatorial materials than we would expect, perhaps due to the
different nature of their adduct and the conditions of the
reaction.

'H, 3C, and 2-D NMR. All comonomers and polymers
were thoroughly characterized by 'H and *C NMR; polymers
were also treated to HMQC and HSQC 2D NMR character-
izations. Nevertheless, PPC1 was not of a high enough
solubility to gain complete spectra even when employing 1,4-
dichlorobenzene-d, at 85 °C. This was due to cross-linking, as
confirmed by the presence of trapped fullerene and hexane in
well-washed and dried samples and observed in the spectra
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(Figures S14—S16). In the soluble parts of PPC1 samples,
pyrrolidine adducts were found by way of double—doublets
centered at 4.50 ppm (4.14 and 4.85 ppm) due to pyrrolidine
methylenes, a singlet at 4.5 ppm from pyrrolidine methines, and
a singlet at 2.3 ppm of amino methyl groups. While the 'H
NMR of PPC1 showed two aldehyde peaks, the HSQC NMR
(Figure S17) uncovered three at 9.57, 9.52, and 9.45 ppm. The
13C NMR showed three peaks (one a shoulder to the other at
189.9 and 190.0 ppm, respectively) and one very weak peak
(189.7 ppm) discerned by adding comonomer as an impurity
(Figure S18). This suggested that the mixture contained
symmetrical bis-adducts, tris-adducts, and comonomer. PPC2
could not be characterized as it was insoluble; the higher
reaction temperature permitted an even greater level of cross-
linking than that found for PPCI1.

Turning to PPC3, the 'H NMR in Figure S19 shows more
soluble well-defined samples, indicating reduced cross-linking
and less tris-adduct formation. The aldehydes form a large
singlet at 10.67. A *C NMR of the crude sample (Figure S21)
and the starting material § indicated that one peak was due to a
comonomer impurity, while the other, carrying no shoulder,
was due to single type of CHO group on the PPC3, confirming
that the product was mostly made of symmetrical bis-adducts.
Figure 4 shows a zoom in the range 6—2.5 ppm wherein the
—N—CHj peaks (2.8—3.0 ppm) show one major peak due to
the trans-3 adduct and several minor peaks, probably due to the
aforementioned trans-2 and other isomers. Peaks associated
with pyrrolidinone groups are labeled in Figure 4. The PPC3
HSQC NMR (Figure S22) correlations confirmed pyrrolidi-
nones with methylene double doublets at 4.3 and 4.9 ppm, a
methine singlet at 5.8 ppm, and an amino methyl singlet at 1.6
ppm. Remarkably, there are multiplet correlations at 4.2, 4.1,
and 3.8 ppm ('H) arising from the asymmetry in the O—CH,—
C¢H,; side chains of these short oligomeric species.

In the ®C NMR of PPC3 (Figure S20) more than 30
resonances are present in the region between 133 and 158 ppm.
This is due to a mixture of fullerene derivatives with various
symmetries. The four resonances around 70 and 76 ppm are
characteristic for pyrrolidine sp® carbons and confirm the
presence of at least two different adducts. These results are in
agreement with the UV—vis spectra which indicate the presence
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of trans-3 and trans-2 bis-adducts (C, symmetry), together with
the minor trans-4 and equatorial bis-adducts (C, symmetry)."
Variations in *C asymmetries (Figure S45b) appear to decrease
going up through the sample series (reduction in the peak at ca.
76.7 ppm) and tentatively confirm increased selectivity with
increasing adduct size.

As one goes up through the series from PPC3 to PPC6, the
increase in the polymeric character of the materials is clearly
shown through the peak broadening of the 'H NMR in Figure
4. There is a similar change in all the 'H, BC, and HSQC
spectra (Figures S14—835 and $45). Given that the SEC values
for molar masses were either inaccurate or estimated from
peaks, NMR was used to give a more exact estimate of the
degree of polymerization (DP,) and the M,. Assuming that all
chains carried on average one aldehyde group and one Cg, at
the chain-ends, as would be expected for a polyaddition, and
that each repeating unit contained two phenylic and six alkyl
methylic protons, the DP, was calculated as a ratio of proton
integrals in accordance with eq 1:

B [/(phenyl/Z) + f(methyl/6)]
- [cHo

DP,

n

(1)

PPC3 and PPCS$ gave masses of 3600 g mol™' (DP, = 2.4) and
26900 g mol™' (DP, = 21), respectively. The former value
confirms that the material is essential low molecular weight
oligomers, with the aforementioned asymmetries probably
arising through midchain and chain-end groups, whereas PPCS$
shows a strong polymeric character. However, it should be
noted that the molecular weights calculated by NMR may
contain errors arising from the presence of macrocycles and
tris-adducts. Peak estimations, however, tend to underestimate
molecular weights due to visual inspection missing peaks. The
“real” values are nevertheless, most likely closest to those found
by peak inspection, and the data confirm how PS standards can
lead to extremely underestimated values for high polymers
made from C4. PPC4 and PPC6 did not carry identifiable
—CHO groups due to either cyclization or the presence of
excess Cgp.

FT-IR Characterization. FT-IR spectra of PPC3, PPC4,
PPCS, and PPC6 shown in Figure S confirm the polymeric
structures and are consistent with literature values for
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comparable, small molecule systems."* Absorption bands at
1428, 1182, 576, and 526 cm ™! are present in all materials and
are attributed to Cg, vibrations.*” In the PPC3 spectrum the
contribution of Cg, is strong, confirming its presence as an
impurity; the band C=0 stretching band at 1682 cm™" for the
aldehyde functions also confirms the relatively low molecular
weight of PPC3. The vibrational spectra of the compounds
confirms their general, similar structures. Going from PPC3 to
PPC6 peaks between 2500 and 3000 cm™' become stronger
and broader, confirming both the higher percentage of alkyl
chains in the macromolecules and the materials’ increasingly
polymeric nature; these bands are due to symmetric and
asymmetric stretching of C—H groups and out-of-plane C—H
bending at aromatic rings and pyrrolidine groups. The
absorption bands for the corresponding bendings participate
in the more complex features between 1100 and 1500 cm™': the
presence of alkyl aryl ethers is confirmed by the bands at 1025
cm™, characteristic of C—O—C group stretching. Absorption
bands due to the asymmetric stretching of this group are
hidden by absorptions due to fullerene in the region 1200—
1275 cm ™.

Thermogravimetric Characterization. Pyrrolidinofuller-
enes are considered thermally stable and are normally only
cleaved when mixed with large excesses of dipolarophiles such
as Cgo.”>* The thermogravimetric characterizations of PPC1—
PPC6 could thus be used to follow the gradual changes in
properties while going through the series. For PPC1, in Figure
S46, there are four steps of decomposition, starting at ca. 120,
ca. 250, 350, and 500 °C; PPC2, in Figure S47, shows a less
pronounced but similar multistep process starting at ca. 135,
250, 350, and 500 °C. The lowest temperature for both
samples, respectively 120 and 135 °C, are due to the loss of
trapped solvents and reagents. This confirms that PPC2 is
more cross-linked than PPC1; the impurities are more strongly
trapped in the matrices. The polymers PPC3—6 show a higher
thermal stability with a decomposition temperature from
around 350 to 400 °C and a loss of around 20% weight in all
cases (Figures S48 and S49). These values indicates that it is
the alkyl side chains which are lost first in this process.
Interestingly, PPC4 has a slightly higher degradation temper-
ature than the other samples which may point to a better
crystallization of this material.

DSC characterizations of PPC3, PPC4, PPCS, and PPC6
were performed up to 180 °C. Figures S52—S56 show complete
first and second heating and cooling passages. After solvents
were removed from PPC1 at ca. 120 °C, there is a featureless
curve, indicative of an unstructured material. Indeed, all
samples gave featureless curves on their second passages, a
not unexpected result for materials containing such cumber-
some groups.” In all cases, minor transitions were observed
around 120—130 °C on the first passage. While these are most
likely due to solvents being removed, the possibility that these
are arising from disorder—order transitions cannot be excluded.
Of these transitions the most remarkable is the endothermic
transition of PPC4 in Figure S54 at 128 °C (Ay; = 026] g ")
which may result from a reorganization of the polymer.

Photovoltaic Characterization. Functionalized fullerenes
have been utilized extensively in the field of organic
photovoltaics as an acceptor of charge in the active layers of
two-component blend systems."” However, OPVs exploiting
polymer—polymer systems with SACAP fullerenes have not yet
been reported. Here, for the first time, photovoltaic devices
were fabricated incorporating PPCs, PPC2, PPC4, and PPC6,
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as the accepting species in a blend system (0.8:1 weight ratio)
with the well-known organic semiconductor poly(3-hexyl-
thiophene-2,5-diyl) (P3HT).** The low power conversion
efficiencies (PCEs) achieved are attributed to the devices being
processed from industrially applicable xylene under air. The
device performances achieved and representative current
density—voltage curves are shown in Figure 6. Average PCEs

81 ' I a I —
Jsc (mAcm?) Voc (V) FF (%) PCE (%)
6 PPC2 2.01 (20.347) 0.359 (£0.009) 49.3 (£4.03) 0.36 (£0.090)
< PPC4 2.74 (+0.091) 0.684 (+0.008) 46.2 (+3.18) 0.87 (+0.071)
‘E PPC6 3.75 (#0.201) 0.729 (+0.003) 48.5 (+1.16) 1.32 (x0.072)
G 4 ;
<
£ —e—PPC2
> 2l | —e—PPC4
2 PPC6
o)
o 0
5
t ]
(@)

-6 “» } + + } + }
0.0 0.5 1.0
Voltage Bias (V)

Figure 6. Current—voltage characteristics of a typical photovoltaic
device, utilizing an active layer of PPC2, PPC4, or PPC6 (black, gray,
and light gray circles, respectively) mixed with P3HT, under
illumination at ~100 mW cm™> Inset: table displaying averages and
standard deviations for key solar cell parameters over a set of 11, 13,
and 14 devices for PPC2, PPC4, and PPC6, respectively.

obtained for P3HT blends incorporating PPC2, PPC4, and
PPC6 were 0.36%, 0.87%, and 1.32%, respectively. While
relatively low currents and fill factor were obtained, devices
(with aliphatic side chains) achieved a high open circuit voltage
of around 700 mV consistent with the double functionalization
of the fullerene cage.17 Furthermore, a clear trend in increasing
efficiency is observed with increasing poly(fullerene) side chain
length. This stands as a proof of concept and is suggestive of
the great potential of this class of acceptor to be further
improved through facile structural modification. It should be
noted that the focus of this work, however, is on the synthesis
and demonstration of these materials as a new class of fullerene
acceptors. Thus, thorough investigation of the properties of
these systems in OPV will be reported on, separately, in due
course.

H CONCLUSION

It has been demonstrated that it is possible to prepare high
molecular weight poly(fullerene)s with azomethine ylide
cycloadditions, so-called Prato chemistry, when employing
sterically cumbersome comonomers to reduce cross-linking.
This sterically controlled azomethine ylide cycloaddition
polymerization of fullerene (SACAP) results in high polymers
with reasonably good solubilities in a number of solvents. The
isomeric nature of the polymers is as expected, mixed, however,
trans-3 bis-additions are a major component. Of particular
interest are the promising photovoltaic properties of these
materials which exhibit relatively high Vs and may have other
interesting properties; this will be the focus of forthcoming

papers.
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B EXPERIMENTAL SECTION

A brief, representative synthesis of PPCS is given here. All others are
given in the Supporting Information. Cg, (0.05 g, 6.94 X 1075 mol), 8
(0.035 g, 6.96 X 10~ mol), and N-methylglycine (0.0124 g, 1.39 X
10™* mol) were dissolved in toluene (55.5 mL) under strictly dry and
oxygen-free conditions and heated at reflux for 18 h. The polymer was
recovered by precipitation in methanol, filtration through a Soxhlet
filter, and a 4 day Soxhlet treatment with hexane. The crude product
was dried under reduced pressure to yield 0.038 g (42.3%) of a shiny
black powder. SEC, THF eluent at 1 mL min™’, 30 °C, UV = 300 nm:
M, = 2770 g mol™"; mp = 4260 g mol™'; D = 1.7.

'H NMR (400.6 MHz, 1,4-DCB-d,, 85 °C): 6 = 0.86 (broad,
—OCH,(CH,),,CH;), 1.25-2.12 (broad, —OCH,(CH,),,CH,),
2.66—2.82 (broad, —N—CH;), 3.39-4.80 (m, broad,
—OCH,(CH,),,CH,), —CH,—N-), 5.68 (broad, —CH-N-), 7.50—
7.82 (broad, aromatics).

3C NMR (100.16 MHz, 1,4-DCB-d,, 85 °C): § = 13.51 (s, O—
CH,(CH,),,CH,), 22.25 (s, O—CH,(CH,)yCH,CH,), 25.90 (s, O—
CH,CH,CH,(CH,)sCH;), 28.97-29.34 (m, O—CH,CH,CH,-
(CH,)(CH,CH,CHS,), 31.52 (s, O—CH,(CH,)sCH,CH,CHj), 39.26
(s, —CH;—N—), 69.08 (broad, O—CH,(CH,),,CH,), 75.37 (broad,
—CH-N-), 114.56 (broad, aromatic), 135.83—147.62 (m, aromatic,
Cg), 152.51 ppm (broad, aromatic—OC,H,;).

2D-HMQC NMR (1,4-DCB-d,, 85 °C), d = § = 0.86, 13.51
(-OCH,(CH,),,CH;); 1.25-2.12, 22.25-31.52
(—OCH,(CH,),,CH,); 2.82, 39.26 (—N—CH,), 3.39—4.80, 69.08
(—=OCH,(CH,),,CH;), —CH,—N-); 5.68, 75.37 (—CH-N-), 7.50—
7.82, 114.56 ppm (aromatics).

Devices were constructed with the following architecture: ITO/
ZnO/photoactive layer/PEDOT:PSS/Ag. ITO was prepared on a
flexible PET substrate by sonication in acetone and isopropanol. The
active layer solution was prepared by mixing P3HT (Merck
Chemicals) and PPC4 in xylene (15:12 mg mL™') and stirring
overnight in an inert atmosphere at 80 °C. ZnO (IBUtec) was
deposited directly onto the ITO from a S wt % nanoparticle
suspension and thermally annealed at 140 °C in air. The active layer
and PEDOT:PSS (Heraeus) were then sequentially deposited over the
substrate. All aforementioned depositions were carried out with a
doctor blade. Electrode deposition was carried out by thermal
evaporation of silver under vacuum to produce complete solar cells
with active areas of 27 mm? Current—voltage characteristics were
measured under nitrogen using a Keithley 2400 source meter and a
xenon arc lamp with an intensity of approximately 100 mW cm ™2
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