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ABSTRACT: Polymer tethered Cg, fullerenes (PTFs) were synthesized by reacting amine terminated polystyrenes with fullerene under
ambient conditions. While toluene was employed as the primary solvent in the synthesis, polar co-solvents were incorporated in vari-
ous ratios to determine their effect on the reaction yield and nature of the product. The resultant PTFs were analyzed by GPC and
UV-Vis spectroscopy to determine the number of adducts. The addition of a polar co-solvent was found to significantly affect the
reaction rate, yield, and total number of substitutions on the fullerene. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2013
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INTRODUCTION

Since their discovery' and synthesis in 1985,> fullerenes have
been extensively researched for their unique chemical, physical,
and electrical properties.” Although some fullerenes such as
nanotubes are relatively unreactive,* Cg, is very reactive largely
due to the ring strain present in the cage structure.” In fact, Cq
behaves in most reactions like an electron deficient alkene. This
ability to accept electrons has been utilized in a variety of appli-
cations ranging from “radical sponges” for biomedical applica-
tions®'® to the predominant electron acceptor in most organic
photovoltaics (OPVs). M

Many types of reactions are possible with the Cg, fullerene cage.
In addition to oxidation and hydrogenations, Cy, can be modi-
fied via radical coupling, pericyclic reactions, electrophilic addi-
tions, and nucleophilic additions.'>'> Some of the first
modifications of fullerene were accomplished by the reaction of
Ceo with electron rich species such as Grignard reagents, alkyl
lithium, and amines.'? These reactions can be carried out with
ease resulting in multiple additions to the fullerene cage. The
reaction of primary and secondary amines, in particular, have
been studied widely."*™°

It was first believed that amine reactions proceeded via a sim-
ple nucleophilic addition mechanism resulting in a fullerene
carbanion intermediate that would then be protonated as do
the stronger nucleophiles such as Grignard and alkyl lithium
reagents. Further studies, however, suggested that the process
is, in fact, a single electron transfer (SET) process. This radical
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nature was first suggested by Wudl et al.'” Using ESR, Wudl
discovered that a significant number of radicals are present
when Cg is mixed with a variety of amines.”® Further spectro-
scopic evidence combined with observations that reaction rates
are significantly reduced in the absence of light seems to con-
firm the radical nature of the process and suggests that the
reaction proceeds via a single electron process from the amine
to the fullerene creating a radical ion pair."” Subsequent pro-
ton transfer and radical coupling results in the hydroamination
product. Interestingly, it was noted that according to this
mechanistic view, light may be required in non-polar solvents
to increase the ability of fullerene to accept electrons.'” In fact,
Weis et al. reported that the addition of 20% pyridine by
volume as a polar co-solvent resulted in faster reaction rates.?!
Using UV-Vis analysis, Weis et al. determined that the total
time required for the reaction to come to completion was
reduced by more than 50% in the presence of a polar co-sol-
vent. However, neither this study nor any other has reported
on the specific effects of solvent polarity on the addition of
amines to Cg.

In this study, we have further explored the relationship between
the nature of the solvent and the reaction of polymers contain-
ing terminal amines with Cyo. A variety of co-solvents in vary-
ing concentrations were added to the reaction mixture. The
nature of the mixed solvent was quantified using the Hilde-
brand solubility parameter (¢), which is the square root of the
cohesive energy density.”> The reaction progress was followed
using GPC coupled to a UV detector.
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Table I. Summary of the PS-NH, Reactions and the Resulting Yields
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Polymer M,, (g/mol) Co-solvent Percent co-solvent Temperature (°C) Reaction time (days) Percent yield
1000 N/A 0 r.t. 10 22 + 4
1000 Pyridine 10 rt. 10 37
1000 Pyridine 20 r.t. 10 517
1000 Pyridine 40 rt. 10 73
1000 Pyridine 20 r.t. 3 25
1000 DMSO 20 rt. 10 60 + 4
1000 DMSO 20 r.t. 3 58
1000 DMSO 20 50 3 28

11000 N/A 0 r.t. 4 63

11000 Pyridine 20 rt. 4 88

11000 DMSO 20 r.t. 4 85

EXPERIMENTAL

Materials

Fullerene Cgp (99.9+%) was purchased from M.E.R. Cor-
poration (Tucson, AZ) and used without further purifica-
tion. Amine terminated polystyrene (PS-NH,) was
purchased from Polymer Source (Montreal, Quebec) and
used without further purification. Toluene, pyridine, dime-
thylformamide (DMF), and methyl sulfoxide (DMSO) were
purchased from Aldrich Chemical and used without further
purification.

Synthesis of PS-NH-Cgo

Fullerene Cgqp (30 mg, 41.6 mmol) was allowed to com-
pletely dissolve in 50 mL of toluene/co-solvent prior to the
addition of 1100 MW PS-NH, (45.8 mg, 41.6 mmol). Reac-
tions containing 20% co-solvent were performed at least two
times to ensure repeatability. The reaction was allowed to
proceed at room temperature for 10 days, after which time
the product was precipitated in 150 mL methanol. The sol-
ids were isolated via vacuum filtration and allowed to com-
pletely dry before being added to 20 mL tetrahydrofuran.
After vacuum filtering again to remove the unreacted fuller-
ene, the THF filtrate containing the functionalized fullerene
was retained and precipitated in 300 mL methanol. A final
vacuum filtration yielded the polymer tethered fullerene
(PTF), which was then characterized using gel-permeation
chromatography.

Reaction Monitoring

Reaction progress was monitored during the course of the
experiments via GPC to analyze the in situ formation of the
adducted products. Extracts were taken at intervals and filtered
through 0.45 pm filters. The samples were then injected on a
Shimadzu 20-AT GPC with a Jordi DVB (1000 A) column held
at 40°C by a column oven. Elution of PTF was detected by a
Shimadzu UV-Vis detector set at 335 nm. At this wavelength,
only pure fullerene or products containing fullerene can be
detected. The unmodified polymer does not absorb in this
region. The observed polymer tethered fullerene peak contains a
mixture of products. As a result, peak deconvolution was
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performed using the peak fitting routine in IGOR Pro 6.0
(Wavemetrics).

RESULTS AND DISCUSSION

Results from all reactions can be found in Table I. The synthetic
procedure was conducted using ~30 mg Cy, and a stoichiomet-
ric equivalent amount of polystyrene in 50 mL solvent. Initial
experiments carried out in toluene were allowed to proceed for
ten days. Following precipitation and subsequent removal of
excess fullerene, the percent yield was found to be 22 * 4%.
GPC chromatograms indicated that the product consisted of a
mixture of mono-, di-, and higher order adducts with the di-
adduct being the major component as determined by peak
deconvolution (Figure 1). The complex mixture of products is
similar to those obtained by other groups with low molecular
weight amines.'” The reactions of Cgo with PS-NH, generally
produced products in lower yields possibly due to the steric
hindrance of the polymer chain.

As mentioned previously, Weis et al.>' suggested that the use of
pyridine as a co-solvent produced significantly faster reaction
times. To confirm this observation, 20% (v/v) pyridine was
added to the reaction mixture after dissolution of the fullerene
and prior to the addition of PS-NH,. The reaction was allowed
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Figure 1. GPC chromatogram of PTF obtained from the stoichiometric
reaction of Cgy with amine terminated polystyrene in toluene. Dashed
lines are the calculated deconvoluted peaks for the di (- - -) and mono
(- - -) products.
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Figure 2. GPC chromatogram from a 1 : 1 fullerene : polystyrene reaction
in toluene : pyridine (80 : 20). Dashed lines are the calculated deconvo-

luted peaks for the di (- - -) and mono (- - -) products.

to proceed for 10 days and then worked up via the method
described previously. The product yield with the addition of
pyridine was 51 * 7%. The higher yield suggests that the reac-
tion kinetics were improved significantly with the addition of a
more polar co-solvent.

In addition to the increased product yield, GPC analysis indi-
cated a shift toward a lower number of adducts, as shown in
Figure 2. This was an unexpected and fortuitous result. It was
expected that as the rate of reaction increased, the percentage of
Ceo with multiple adducts would also increase. This effect is
currently being explored in further detail.

Although previous studies reported a solvent mixture contain-
ing 20% pyridine, it was unclear what effect increasing amounts
of pyridine have on the reaction. Reactions containing various
amounts of pyridine ranging from 10% to 40% were carried
out in a similar manner to those described above. Figure 3 con-
tains the percent yield data as a function of the concentration
of pyridine. A significant increase in the mass of the recovered
product is observed as the concentration of pyridine is
increased. Concentrations higher than 40% were not achievable
due to significantly decreased solubility of the fullerene in the
reaction mixture.

Given the promising effect of pyridine as a co-solvent, the role
of a co-solvent was further investigated with the addition of the
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Figure 3. Graphical comparison of product yields using different volume
fractions of pyridine in toluene.
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Figure 4. Peak area corresponding to product formation versus reaction
time for no cosolvent (@), 20% pyridine (A ), and 20% DMSO (H).

more polar DMSO. The 20% DMSO reaction carried out for 10
days demonstrated only slight improvements over the pyridine
reactions with the 20% DMSO reaction producing a yield of 60
* 4% compared to 51 * 7% for the 20% pyridine reaction.
However, a significant color change from purple to brown is
associated with the adduction of molecules to fullerene. This
color change was observed much sooner in the reactions con-
taining DMSO than with the previous reactions. Further investi-
gation was performed by monitoring product formation as a
function of time. Daily samples were taken and analyzed using
GPC with a UV-Vis detector over the course of fourteen days.
Plots of the relative peak area, which corresponds to the forma-
tion of PTE versus time are shown in Figure 4. As expected,
based on the previous yield data, the incorporation of pyridine
significantly enhances the formation of PTE For the toluene
reaction, the maximum product formation occurs at approxi-
mately 10 days while for the toluene : pyridine reaction occurs
at 10 days. This indicates that the co-solvent not only increases
product formation, but it also alters the kinetics of the reaction.
This is even more pronounced when DMSO is used as the co-
solvent. As shown in Figure 4, DMSO dramatically speeds up
both the kinetics of the reaction and the efficiency of the reac-
tion. At 3 days, the amount of PTF in the reaction is signifi-
cantly more than the other two reactions. In fact the percent
yields at 3 days for the toluene, 20% pyridine, and the 20%
DMSO were 12, 25, and 58% respectively.

While the incorporation of pyridine also appears to increase the
amount of product formed, the addition of DMSO causes a sig-
nificantly higher amount of product to be formed in a 3-day
period, after which time some degradation begins to occur in
the DMSO sample. This effect has been reported® and is
thought to be the result of a oxidative process caused by light
generated reactive oxygen species in solution. The nature of the
decomposition products will be further explored in future stud-
ies. Based on these results, experiments were terminated after
three days to compare yield and composition of the PTFs for
the solvent/co-solvent solutions. The stacked chromatograms
shown below in Figure 5 demonstrate the quantitative differen-
ces between the three syntheses.
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Figure 5. GPC chromatograms of the products in solution after 3 days
for no co-solvent (---), 20% pyridine (- - ), and 20% DMSO (—).

The collected product yields were found to be 12% with toluene,
25% with toluene : pyridine, and 58% when DMSO was used as
a co-solvent. Deconvolution of the chromatogram peaks was per-
formed using Igor Pro 6.0 software, the results of which indicated
that DMSO was not only the fastest reaction with the highest
percent yield, but also yielded product with a lower number of
adducts. Yield and tether data are shown in Figure 6.

The significant differences between the results of the three reac-
tions encouraged closer analysis as to the differences between
the solvent(s). The Hildebrand Solubility Parameter (J) for each
solvent is represented in Table II. The 0 is defined as the square
root of the cohesive energy density and is typically used to
determine solubility and interaction of solutes such as polymers
in solvents. In the case of the mixed solvents, J is calculated by
determining the contribution of each solvent to the total solu-
tion. Values of  for the mixed solvents used are also shown in
Table II.

To confirm the correlation of ¢ and the percent yield, hex-
anes were also introduced as a co-solvent due to their low
polarity. Hexanes have a 0 of 7.24 which yields a value of
8.58 for the 80:20 toluene : hexanes solution. As expected,
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Figure 6. Summary of yield (gray) and of tether data (black) from 3-day
reactions.
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Table II. List of Hildebrand Solubility Values for the Solvents Used**

Solvent s (cal*’ cm®?)
Hexane 7.24
Toluene : Hexane (80 : 20) 8.58
Toluene 8.91
Toluene : Pyridine (80 : 20) 9.25
Toluene : DMSO (80 : 20) 9.714
Pyridine 10.61

DMSO 12.93

the percent yield using that solvent mixture was reduced to
18.8% after 3 days of reaction. Although reaction yields pro-
vide some insight into the reaction, the rates of reaction can
more clearly demonstrate the effect of co-solvents. Initial
reaction rates were estimated using the difference in UV
peak areas within the first day of the reaction since this dif-
ference is proportional to the number of moles formed
within that time period. This initial rate was then plotted as
a function of the 6 of the reaction solution. This plot can
be found in Figure 7. As shown in the plot, significant
changes in reaction rate can be observed for relatively small
changes in . Although reaction rates are expected to
increase with increasing ¢ for the SET mechanism described
previously, the polymeric nature of the reactant may also be
affecting the reaction rates. Preliminary investigations using
11000 MW amine-terminated polystyrene have demonstrated
higher yields (Table I), likely due to the higher weight
fraction of the polymer. However, rates of reaction were not
analyzed over the course of the higher molecular weight
study. Alternate amine-terminated polymers and a range of
polymer sizes will be investigated in future work to deter-
mine their effect on the hydroamination rates of Cgp in
solvents of varied J.
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Y

Relative Reaction Rate
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Hildebrand Solubility Parameter (5)
Figure 7. Plot of relative initial reaction rates versus HSP for reactions in
toluene containing 20% hexane (M), no co-solvent (@), 20% pyridine
(A) and 20% DMSO (#®). (Line added to aid viewer’s eye.) [Color figure
can be issue, which is available at

viewed in the online

wileyonlinelibrary.com. ]
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CONCLUSIONS

From the findings of this study, it is evident that solvent polar-
ity vastly affects both the rate at which the product is formed,
and the amount of product formed during the synthesis. In
fact, significant changes in the reaction rate and yield can result
from relatively small changes in ¢. Due to the SET nature of the
reaction, a more polar solvent is expected to assist in the elec-
tron transfer process. However, due to the polymeric nature of
the amine reactant, the effect of the solvent polarity may be
even more pronounced than previously thought. It is well
known that the nature of the solvent can significantly affect the
size and shape of macromolecules which could significantly
enhance or impede reactions based on steric factors as well as
the position and availability of the polar end group. Further
studies are planned to more accurately determine the effects of
0 on the reaction of other amine terminated polymers with Cqj.
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