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ABSTRACT: Polymerizations of styrene and methyl methacrylate (MMA) containing 1 wt % Cg initiated
by 5 or 10 mol of azobis(isobutyronitrile)/mol of Ce in 1,2-dichlorobenzene solution produce brown polymers
in 53—97% yield with all of the Cgo incorporated, linear polymer equivalent molecular weights of P, =
19 000—31 000, and Pw/P, < 2. There are short induction periods before polymerization begins. All of
the Cg is incorporated into the polymer after low conversion of the monomer. Multidetector size exclusion
chromatography analyses measured polymer mass by differential refractive index, M,, by two-angle laser
light scattering, intrinsic viscosity by differential viscometry, and mass of only Cgo derivatives by UV.
Molar chromatograms show that all of the polymer at the high end of the molecular weight distributions
contains Cgo, and there are sizeable amounts of a lower molecular weight linear polymer. The high
molecular weight polystyrene contains as many as 10—100 Ce units, but the high molecular weight PMMA
contains an average of one Cgo unit per macromolecule. All of the polymers have lower intrinsic viscosities
and higher My, than linear standards of the same retention volume due to branched or star structures.
Calculations from a random branching model of Zimm and Stockmayer indicate that the PMMAs have
an average branch number of five over the entire molecular weight distribution and systematically

increasing average branch lengths with an increasing degree of conversion.

Introduction

Since the first production of gram amounts of Cgo,!
many types of polymers containing Cgo 0n a side chain
or in the main chain have been reported, but few have
been characterized well and little is known about their
properties.2~4 Among the most difficult to analyze are
those produced by radical chain reactions. The first
such polymer, prepared by radical polymerization of Cg
and p-xylylene,® was totally insoluble and was identified
by solid state NMR spectra. Subsequently soluble
polystyrene and poly(methyl methacrylate) (PMMA)
containing Cgo were prepared in bulk and in solution
by thermal initiation.6=22 As much as 50 wt % of Cg
has been incorporated into polystyrene by radical chain
reactions, and weight-average molecular weights as
high as 20 000 have been found for polystyrene contain-
ing 30 wt % Cgo.11 All of these polymers are brown, the
color of mixtures of derivatives of Cgo, and some of them
can be cast as films of quality suitable for spectropho-
tometry.

It is surprising that polymers are even produced in
the presence of Cgo, because rate constants of 108—10°
M1 s71 for the addition of benzyl, methyl, tert-butyl,
and other radicals to Ceg have been measured in solution
by pulse radiolytic and electron spin resonance (ESR)
spectroscopic methods.14~17 These are 10° times greater
than the rate constants for propagation of polystyryl and
PMMA radicals,'® greater than the rate constants of
bimolecular termination of polymerization of styrene
and MMA,18 and of the same order of magnitude as the
rate constants for the combination of nitroxyl radicals
with polystyryl radicals.’® Moreover, not one but many
alkyl radicals can add to a single Cgo molecule. The
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structural units identified by esr spectroscopy include
allyl radicals and cyclopentadienyl radicals formed by
the addition of three and five radicals radially around
a five-membered ring of Cgp, and mass spectra of the
products of the addition of alkyl radicals to Cg have
revealed up to 15 benzyl groups and 30 methyl groups
bound to Cg.20-21

In this paper we report analyses of the compositions
and molecular weight distributions of polystyrene and
PMMA containing Cgp by multidetector size exclusion
chromatography (SEC) and suggest possible mecha-
nisms to explain the paradox of how Cgo can be incor-
porated into high molecular weight polymers by radical
chain polymerization.

Experimental Section

Materials. Cgo (Mer Corp., Tucson, AZ) was 99.5% pure.
Monomers from Aldrich Chemical Co. or Polysciences Inc. were
distilled under vacuum before use.

Polymerizations. In a typical polymerization 25 mg of Cgo
in 4.0 mL of 1,2-dichlorobenzene (0-DCB) and 28 mg (5 mol/
mol of Ceo) of azobis(isobutyronitrile) (AIBN) in 1.0 mL of
oDCB were sonicated separately for 1 h. The oDCB solutions
and 2.5 g of styrene or MMA were combined in a 15 mL test
tube and sparged with nitrogen for 5 min. The tube was sealed
with a rubber septum and placed in an oil bath at 75 °C.
Samples were withdrawn periodically by syringe, precipitated
into hexanes, redissolved in THF, and reprecipitated into
hexanes. Samples were collected by filtration through fritted
filters, or if solid particles were too fine by centrifugation for
1-2 h using a benchtop centrifuge. All samples were dried
under vacuum at 25 °C.

SEC. The SEC system at Kodak consisting of ultraviolet
absorption (UV), two-angle light scattering (TALLS), dif-
ferential viscometry (DV), and differential refractive index
(DRI) detectors in serial configuration is similar to a multide-
tector SEC system described in detail previously.?? Typical
chromatograms of a PMMA/Cg are shown in Figure 1. The
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Figure 1. Chromatograms of PMMA/Cg, sample 87016. Note
the low retention volume prepeak at 14—17.5 mL.

prepeak in these chromatograms is apparently an artifact,
probably caused by a small amount of aggregated Cgo rich
material. We determined this from three pieces of evidence:
(1) It absorbs strongly in the UV, but gives a weak DRI
response, indicating it contains a high percentage of Ceo. The
UV response of the prepeak is 3.06% of the total peak area,
and the DRI prepeak is 0.38% of the total peak area, or ~0.38%
of the total sample mass in the worst case (sample 87016). (2)
It has little viscosity, indicating that it has a compact
structure. (3) It gives an odd optical effect, leading to no right
angle light scattering and a decrease in the base line of the
low-angle light scattering detector. This is inconsistent with
a high polymer. The prepeak probably is an aggregate of small
moleules rich in Cg. Since it is less than 0.4% of the total
mass, it has been excluded from molecular weight analyses,
calculations of Cgo contents, and branching calculations. There
were no such prepeaks in the chromatograms of polystyrene/
Ceo samples.

Results

We showed earlier that both styrene and MMA could
be polymerized in the presence of 1—10% by weight Cgg
by thermal initiation with 5 mol of AIBN/mol of Cg in
oDCB solution.® Cgp is much more soluble in oDCB than
in either monomer, or in benzene or toluene, the
solvents used by other investigators of polystyrene/Cgp.
Our isolated yields of PMMA and of polystyrene after
16 h at 75 °C were about 90% and 70%, respectively, in
many experiments. Elemental analyses of products
from 5 mol of AIBN/mol of Cgp in the absence of a
monomer showed about six nitrogen atoms, due to
2-cyano-2-propyl groups, per Cgp unit.

Polymer Yield and Molecular Weight Depen-
dence on Time. Figure 2 shows yields of isolated
polymers as a function of reaction time at 75 °C for
PMMAV/Cg and polystyrene/Cgo. Yields of polymers are
low at reaction times of 2 h, and there is no acceleration
of polymerization at intermediate reaction times. From
dilatometric kinetic measurements Cao and Webber©
found an induction period prior to polymerization of
styrene and Cgo, whereas Stewart and Imrie?* found no
induction period. Although our measurements of mono-
mer conversion by isolation of the polymer are crude
compared with the kinetic measurements, they support
the polystyrene results of Cao and Webber. Figure 3
shows that the polystyrene equivalent molecular weights
of the PMMA samples increase to approximately con-
stant values at =10 h, and the molecular weights of the
polystyrene samples reach an approximately constant
value after 6 h.

Cso Contents of Polymers As a Function of
Molecular Weight. The DRI detector measures the
weight concentration of the sample at each point of the
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Figure 2. Yields of insoluble products vs time for polymeri-
zation of (A) MMA with 1 wt % Cgo with a 5/1 AIBN/Cso molar
ratio at 75 °C. Samples from a single experiment are connected
by lines. The other data points are from independent experi-
ments. (B) Two polystyrene data sets from (a, circles) 5/1
AIBN/Cgo molar ratio (samples 89xxx in Table 1), and (b,
squares) 10/1 AIBN/Cg, molar ratio (samples 98xxx in Table
1) under otherwise the same conditions.
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Figure 3. (A) Polystyrene equivalent molecular weights from
UV detection at 220 nm vs time of polymerization of MMA
with 1 wt % Cgo using 5/1 AIBN/Ceo. (B) Polystyrene/Cego using
5/1 AIBN/Cg (closed symbols) and 10/1 AIBN/Cg (open
symbols).

chromatogram, c;, provided the specific refractive index
increment of the polymer remains constant across the
distribution. We believe this to be true, even for a
polymer that has inhomogenoeously incorporated Cgo
across the molecular weight distribution because of the
low concentrations of Cg involved. The DRI response
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is used to construct the molar chromatogram by dividing
each concentration by its molecular weight,2>

Ci
[ci] = VA (1)

where M; is the absolute molecular weight measured
either from the light-scattering detector or from the
viscometry detector through a universal calibration
curve. The quantity [ci] is the molar concentration of
polymer molecules at point i, and the total moles of the
polymer is the integral of the molar chromatogram. The
UV chromatogram obtained at a wavelength selective
only for Cg is proportional to the molar concentration
of Cgp at each data point, [cso,i] through the height, Fy i,
of the normalized UV chromatogram,

Fu.i
oo = g @

where my is the total moles of Cgo injected and Av; is
the volume increment between data points. The inte-
gral of the Cgo molar chromatogram is the total moles
of Cgo Or my. The area of the [cgp,i]] molar chromatogram
is compared to the area of the polymer molar chromato-
gram to estimate the average incorporation of Cgp 0N a
molar basis. The number of Cg units at each retention
volume, pj, is

Fn,img

G

©)
—] Av;

Pi =
M-

where [ci/Mj] is from the DRI chromatogram. The total
moles of Cgo, My, is assumed to be that for 1 wt % Cgo in
the 97% yield of PMMA/Cgo sample, 87016 (Table 1).
This sample is also used to calculate the molar response
factor of Cgo at 270 nm from the area under the UV
chromatogram and is used to calculate the molar
concentration of Cgo in the PMMA samples of lower
conversion. The calculations assume that the molar
absorptivity of Cgp units at 270 nm is constant through-
out the series of samples.

Molar chromatograms of the highest and lowest
conversion PMMA samples are shown in Figure 4. The
area of each molar chromatogram obtained from the UV
response is lower than that of the polymer molar
chromatogram, indicating that some fraction of polymer
chains does not contain Cg. The ratio of areas of UV
and polymer molar chromatograms (Table 1) is the
number average of Ceo molecules per polymer chain for
the entire distribution. If it is assumed that a maxi-
mum of one Cgg molecule is incorporated per polymer
molecule, then the moles of polymer not containing Ceg
is the difference in molar chromatogram areas. This
provides a minimum estimate for the amount of linear
PMMA of 32 mol % for the lowest conversion sample to
62 mol % at the highest conversion. The number of Cgg
units per polymer molecule, p;, decreases from a maxi-
mum value near 1.0 with increasing retention volume
(decreasing molecular weight), consistent with the dilu-
tion of PMMA/Cgo molecules with low molecular weight
linear PMMA that does not contain Cgp.

Polystyrene/Cg present a somewhat different picture.
The UV chromatogram at 270 nm is now not selective
for Cgp because of the absorbance of polystyrene at this
wavelength. Fortunately, polystyrene absorbs 270 nm
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Figure 4. Molar chromatograms of PMMA/Cg, samples (A)
87002 and (B) 87016. Upper curve, mass detection; lower
curve, Cgo detection; p = fraction of molecules containing Ceo
derivatives, circles.

radiation much less strongly than Cgp, and its contribu-
tion to the UV chromatogram is subtracted as the
normalized DRI concentration chromatogram multiplied
by the molar UV response factor for polystyrene at 270
nm. The average incorporation of Cgp in the 89xxx (xxx
= hours reaction time) series (Figure 5), prepared with
5 mol of AIBN/mol of Ceo, is always greater than 1.0
Cso units/molecule after 6 h of reaction time and less
than 1.0 for the lower molecular weight components
after 16 h, which is consistent with polymer molecules
that do not contain Cgo. Again, the average number of
Ceo molecules per polymer molecule decreases with
increasing conversion. However, the average incorpora-
tion is much less for series 98xxx (not shown), which
were prepared with 10 mol of AIBN/mol of Cgo. The
number of Cgo molecules per polymer molecule increases
sharply with decreasing retention volume (Figure 5),
indicating that high molecular weight polymer mol-
ecules contain multiple Cgo units. Sun and co-workers
also reported many Cgo units per macromolecule in
samples containing 1.7—50% Cgo by weight.1* They also
found that the molar absorptivity per Cgo unit at 350
nm was constant through the range of compositions of
the samples, which supports the assumption used to
calculate the molar chromatograms.

Visual observations also indicate that most of the Cgg
is incorporated early in the polymerizations. During
isolations of the 87xxx series of PMMA/Cg samples, the
hexane filtrates from first precipitation of the polymer
were colored pale apricot from 87002, pale yellow from
87004, and colorless from 87006. Since the color of Cgo
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Figure 5. Molar chromatograms of polystyrene/Cg, samples:
(A) 89006 and (B) 89016. Curve starting at low retention
volume, Cgo detection; curve starting at longer retention
volume, mass detection; p = fraction of molecules containing
Ceo derivatives, circles.

solution in hexane is magenta, there is no significant
amount of Cgo in the MMA reaction mixture even after
2 h. The apricot and yellow colors indicate low concen-
trations of soluble Cgo derivatives. The hexane filtrates
from the polystyrene/Cgo samples 89xxx and 90xxx had
the colors of strong tea, weak tea, and very dilute tea
after 2, 4, and 6 h, respectively. 1,2- and 1,4-disubsti-
tuted Cgo compounds?627 and mixtures of substituted
Cso compounds are brown. None of the filtrates from
the isolation of samples at low conversion were intensely
colored enough to account for a major fraction of the
C60-

Multidetector SEC. The weight-average molecular
weight of the whole polymer is calculated from the mass
injected and the integrated two-angle light-scattering
(TALLS) detector response.?®6 The whole polymer in-
trinsic viscosity is obtained from the mass injected and
the integrated differential viscometry (DV) detector
reponse.?® In both cases, a concentration detector is not
required. The DRI concentration response is combined
with a molecular-weight-sensitive detector response at
each point of a chromatogram to calculate “local”
properties, defined as the concentration, viscosity, and
molecular weight at each point of the chromatogram.
TALLS combined with DRI provides the local weight-
average molecular weight, and DV combined with DRI
calculates the local intrinsic viscosity.

Samples containing Cgo have lower local intrinsic
viscosities and higher local molecular weights (Figure
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Figure 6. (A) Intrinsic viscosities and (B) absolute molecular
weights as a function of retention volume of (a) linear
polystyrene compared with polystyrene/Ce, Samples, (b) 89004,
and (c) 89016.

6) than those of linear polystyrene of equivalent hydro-
dynamic volume (equivalent retention volume). This is
the expected result for stars and branched polymers.
The differences between local viscosities and molecular
weights of polystyrene/Cgo and linear polystyrene are
most pronounced at large sizes (early retention volumes)
and deviate most for the low-conversion sample, ap-
proaching the linear model with increasing conversion.
Absolute molecular weight averages and whole polymer
intrinsic viscosities for members of the three series are
provided in Table 1. Molecular weights are higher than
those for linear chain equivalents, which is consistent
with some level of branching in all samples. Compari-
son of local values of branched polymers to values for
chemically similar linear polymers at equivalent mo-
lecular weight is used to estimate branching in samples.

The molar chromatograms of PMMA/Cgp showing an
average of no more than one fullerene unit per macro-
molecule in the high end of the molecular weight
distribution, even at low conversion to polymer, suggest
a star model for the structure with branches of random
length extending from a fullerene core. In contrast, the
molar chromatograms of polystyrene/Cgy showing 10—
100 fullerene units/macromolecule in the high end of
the molecular weight distribution suggest a more com-
plicated branched structure. As an example of how the
SEC results can be used to calculate numbers and
molecular weights of branches, we have applied a
random star model to emphasize further the differences
between the structures of the PMMA/Ceo and the
polystyrene/Ceo. The star model would be appropriate
for the polystyrene/Cgo structures only if they consist
of clusters of Cgp with many polymer branches. That is
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Table 1. Analyses of Polymers Isolated after Varied Conversion Times

limiting
lab no. sample % yield Mn Mw [#] dL/g PnP Puwt [ceo)/[ci] arm M,
87002 PMMA/Cgo 12 10 070 18 100 0.088 9360 15 600 0.68
87004 PMMA/Cso 29 19 550 30950 0.118 15 900 26 100 0.60
87006 PMMA/Cso 45 21 600 43 250 0.172 23 800 39 400 0.44
87010 PMMA/Cgo 77 29 550 51 850 0.174 26 800 44 700 0.45
87016 PMMA/Cso 97 33 800 54 900 0.163 26 400 44 800 0.38
89004 PS/Ceo 8 34 850 65 600 0.147 23 600 38 000 a 6700
89006 PS/Ceo 15 43 300 74 050 0.218 35300 52 300 3.21 11 900
89010 PS/Ceo 29 40 650 69 750 0.239 36 500 53 200 1.65 14 700
89016 PS/Ceo 53 33100 65 800 0.228 30 800 49 700 1.13 13 900
90006 PS/Ceo 21 39 350 61 950 0.220 32300 48 100 2.25 12 800
90010 PS/Ceo 35 37 300 65 350 0.251 34 800 53 300 2.19 17 900
90016 PS/Ceo 55 36 750 68 000 0.262 34 400 56 700 0.90 22700
98004 PS/Ceo 27 19 950 32700 0.157 17 900 26 900 0.86 8900
98006 PS/Ceo 44 19 750 32 350 0.165 18 700 27 700 0.57 10 000
98010 PS/Ceo 66 19 300 32 600 0.172 18 400 28 700 0.41 11 900
98016 PS/Ceo 70 21 150 35 650 0.178 19 500 31000 0.37 19 400

a Not determined.  P,, = linear equivalent number-average molecular weight. ¢ P,, = linear equivalent weight-average molecular weight.

only one of several possibilities, which are in the
Discussion. Although the model may not be appropriate
for the polystyrene/Cg, related models for branched
polymers would show the same qualitative but some-
what different quantitative results.

In the random star model the relationship between
number of arms, f, and the ratio of root-mean-square
radii of branched and linear polymers, g, has been
established for the unperturbed state on the basis of
equations given by Zimm and Stockmayer3°—32 using
random flight statistics:

6f

T+ D+ 2) “)

g
The parameter g is not directly available because we
are unable to accurately measure isotropic scatterers
with root-mean-square radii of less than ~12 nm by
TALLS on these samples. Instead, we measure the
effect of branching on the intrinsic viscosity expressed
by the parameter g', the ratio of branched polymer
intrinsic viscosity to linear polymer intrinsic viscosity
at equivalent molar mass,

_ [ﬂ]b,M
[’7]i,|v|

T

®)
and estimate g from
g=q

The empirical structure factor ¢ depends on the type of
branching and contains excluded volume and other
effects. Recent results on asymmetric six arm stars in
tetrahydrofuran? provide an estimate ¢ ~ 0.8. The
number of arms estimated from egs 3—5 as a function
of molecular weight is shown for series 90xxx in Figure
7A. The data are not meaningful at low molecular
weights because of the presence of significant amounts
of linear polymer not containing Cgp. In the high
molecular weight region where little linear polymer is
present, the number of arms increases with increasing
molecular weight. The number-average molecular weight
of arms, estimated by dividing the molecular weight by
the number of arms, is plotted in Figure 7B. Arm
molecular weights are approximately constant above log
M = 5 and increase with increasing conversion. The

molecular weights of arms for each series member in
this constant region are given in Table 1.
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Figure 7. (A) Branch number f as a function of molecular
weight and (B) M, of arms of polystyrene/Cs, samples 90006,
90010, and 90016. Curves in each graph are within experi-
mental error of one another.

Divergence of the log [#] — retention volume plots for
PMMA/Cgo from linear PMMA samples is not observed.
Instead, all plots are displaced to lower viscosities but
parallel to that of linear PMMA (Figure 8A). Molecular
weights are higher than linear PMMA at equivalent
hydrodynamic volumes (Figure 8B), again consistent
with branched structures. The average number of arms
is approximately 5—6 for all PMMA samples and shows
no appreciable change as a function of molecular weight
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Figure 8. (A) Intrinsic viscosities and (B) absolute molecular
weights as a function of retention volume of (a) linear PMMA
compared with PMMA/Cg, samples, (b) 87004, and (c) 87016.
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Figure 9. M, of arms of all five PMMA/Cg, samples in series
87xxx as a function of polymer molecular weight.

in the range log M = 4-5. We know that the low
molecular weight region contains appreciable amounts
of linear polymer, and this decreases the estimate of the
number of arms. This implies that the number of arms
asymptotically decreases with increasing molecular
weight of PMMA, reaching a constant value of 5—6 arms
in the high molecular weight region. Correspondingly,
the molecular weight of arms appears to increase with
increasing molecular weight (Figure 9) and does not
reach a limiting value as observed with polystyrene/Cego.
One interpretation of these calculations is that the basic
structure of the PMMA/Cg is established early and
continued polymerization only increases the lengths of
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Scheme 1
kg
| —> 2Re (6)
kA
Re+M —> Mo (7N
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Me + M —E>» Me 8)
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2Me —8> P 9)
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o0 o,
F Fe

k,
Foedr M 5 Mo (11

Fe + Me (or Re) % ‘;‘?‘ (12)
ke

2Fs —> FF (13)
k.o

MF

the arms. Another interpretation is that increasing
amounts of linear polymer are produced with increasing
conversion, and the number of arms of the star fraction
of the sample also increases so that there is a constant
average number of arms throughout the range of
samples.

Discussion

Mechanisms for polymerization of styrene and of
MMA in the presence of 1 wt % Cgp must be consistent
with the following observations.

(1) Cep reacts with alkyl radicals at rate constants of
108—10° L mol~ s71,24717 which are nearly diffusion
controlled.

(2) There are short periods of inhibition before po-
lymerization begins.

(3) The Cgp is completely consumed when only 10%
of MMA or styrene is converted to a polymer.

(4) All of the polymers have lower intrinsic viscosity
and higher molecular weight than linear polystyrene
and PMMA of the same retention volume in SEC
experiments. The structures must be branched.

(5) The My and My, of the PMMA samples increase
throughout the polymerization. Simultaneously in-
creasing amounts of lower molecular weight linear
PMMA are formed.

(6) The polystyrene at all extents of conversion
contains larger amounts of Cgp units at the high mo-
lecular weight end of the distribution.

(7) The My and M,, of polystyrene samples isolated
at varied times are about the same throughout the
polymerization due to the simultaneous increase of the
molecular weight of a Cgo-containing polymer and
production of a lower molecular weight linear polymer.

A general mechanism to describe the polymerization
of both MMA and styrene with Cg and notation for the
rate constants of microscopic steps is shown in Scheme
1. We neglect hydrogen atom chain transfer to the
monomer, solvent, and initiator.
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In Scheme 1, | = initiator, AIBN, which dissociates
thermally into two radicals R*, with rate constant kg.
M = monomer, which adds R* at rate constant k; to
produce monomer-ended radical M*. The M* adds to M
at propagation rate constant kp, which is on the order
of 103 L mol~! s7! at 75 °C,!8 and two M* terminate by
combination or disproportionation at rate constants k;
in the range 2—8 x 107 L mol~! s71.18 Radicals R* from
the initiator and chain radicals M* add to fullerene F to
form fullerene radicals F* with the transfer rate constant
kir. Ceo is known to accept a first alkyl radical such as
benzyl, methyl, or tert-butyl at a rate constant of >108
L mol™! s71,14717 and to form polyalkylated Cgg.202
Stewart and Imrie detected Cqo radicals in polymerizing
solutions of styrene and Cgp.2*

We consider two possible routes to macromolecules
containing many F units: (a) many combinations of
fullerene radicals F* (eq 13) and (b) copolymerization
by addition of F* to monomer M (eq 11) as well as
addition of M to F (eq 10) or a combination of M* with
F* (eq 12). The addition of F* to M (eq 11) is expected
to have a smaller rate constant than the propagation
of M+, because F* is more stable than M* and F* has a
bulky 2-cyanopropyl group or a polymer chain located
at 1,4 to the site where the monomer would likely add.
Whether or not eq 11 contributes to polymer formation,
numerous R* and M* must add to each F unit to form
MF bonds (eq 10). If eq 11 does not contribute, no
polystyrene or PMMA can form until F has enough alkyl
substituents to reduce the rate constant k¢ for further
addition of M* and R* to F to within an order of
magnitude of the rate constant k,, for propagation of M.
F represents a distribution of fullerenes with different
numbers of both R and M substituents.

Radicals M* and R* combine with MF* also to form
MF (and RF) bonds at the rate constant for combination
ke1. If the formation of MF and RF bonds is reversible
(eq 12), the fullerene might act as a “stable” free radical
for controlled polymerization to produce branched poly-
mers. Similarly, two fullerene radicals F* combine
(reversibly) to form FF bonds (eq 13).

As previously suggested by Cao and Webber,1° we
omit propagation of fullerene radicals (eq 14). Sun and

F+F—F (14)

co-workers suggested that both egs 13 and 14 could
account for the formation of polymers containing many
fullerene units.!* We suggest that eq 14 is insignificant
because (1) Reactions in the literature that form two
new bonds to Cgo sequentially occur either at 1,2 or 1,4
in a six-membered ring, with 1,2-addition favored when
the substituting groups are small and 1,4-addition
favored when they are large (eq 12).2 Two substituents
on one six-membered ring minimize the energetically
unfavorable formation of fullerene 5,6-double bonds.? (2)
Molecular mechanics models of the 1,4-linked di-tert-
butyl-Cgp dimer (Scheme 2) show strong nonbonded
repulsion between each tert-butyl group and the oppos-
ing Ceo unit,3® which causes the dimer to dissociate
reversibly at ambient temperature. The equilibrium
constants for dissociation have been calculated from
ESR measurements over a wide range of temperature.3
Note that dimerization of the tert-butyl-Cgo radical is
the same as the coupling step (eq 13) during polymer-
ization if the tert-butyl group is replaced by an initiator
group or a polymer chain. Since a Cgo unit should have
stronger repulsive nonbonded interactions than the
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Scheme 2
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smaller tert-butyl group, formation of a Cg unit bonded
at 1,4 to two other Cgp units (Scheme 2) is unlikely.
The SEC molar chromatograms of the polystyrene/
Ceo samples prove the presence of species containing as
many as 10—100 Cgp units. In the mechanism of
Scheme 1 this requires either that copolymerization (eq
11) leads to polymer chains connecting F units, or that
eq 13 provides multi-F structures via coupling of
fullerene radicals. The coupling mechanism would
produce a star structure having a core of many fullerenes
and many branches. The copolymerization would pro-
duce a similar star structure if the chain lengths
between fullerenes are very short, or a structure in
which fullerene units are beadlike kinks in chains of
highly branched polymers if chain lengths between
fullerenes are long. At this time we lack evidence to
distinguish among these possible structures.

Conclusion

Radical polymerizations of styrene and MMA in the
presence of Cgo form branched structures. The Cg is
incorporated into the polymer early. Using the power
of multidetector SEC analyses, we have shown for the
first time for copolymers of Cgp with vinyl monomers
(1) absolute My, and M, of the polymers, (2) numbers of
fullerene units per macromolecule across the entire
molecular weight distribution, (3) increasing amounts
of a linear polymer formed with increasing reaction
time, (4) lower molecular weight of the linear polymer
molecules than that of the branched molecules contain-
ing Ceo, (5) many fullerene units per macromolecule at
the high end of the molecular weight distribution of
polystyrene/Cgo but only one fullerene unit per macro-
molecule of PMMA/Cg even at high molecular weight,
and (6) estimates of the numbers of branches per
macromolecule across the molecular weight distribu-
tions. The major unanswered questions about the
mechanism are (1) Do fullerene radicals propagate by
addition to the monomer? (2) Does fullerene act as a
labile end group in a controlled radical polymerization?
(3) What are the structures of the branched polystyrene/
Ceso materials? Experiments to address these questions
are planned.
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