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Production of Perfluoroalkylated Nanospheres 
from Buckminsterfullerene 

Paul J. Fagan,* Paul J. Krusic,* C. N. McEwen, J. Lazar, 
Deborah Holmes Parker,"f. Herron, E. Wasserman 

Perfluoroalkylated nanospheres have been prepared by reaction of fullerenes with avariety 
of fluoroalkyl radicals. The latter are generated by thermal or photochemical decomposition 
of fluoroalkyl iodides or fluorodiacyl peroxides. Up to 16 radicals add to C,, to afford easily 
isolable fluoroalkylated derivatives. The monosubstituted radical adducts were detected by 
electron spin resonance in the early stages of the fluoroalkylation reactions. These sphe- 
roidal molecules are thermally quite stable, soluble in fluoroorganic solvents, chemically 
resistant to corrosive aqueous solutions, and more volatile than the parent fullerenes. Films 
of the sublimed material display properties typical for a perfluoroalkylated material. 

Since the discovery of the large-scale 
synthesis of C,, ( 1 ) '  the fluorination of 
this molecule and the properties of C6,Fn 
materials have aroused keen interest (2). 
There was the potential that unique, 
chemically resistant "fluorinated balls" 
would result that might have interesting 
physical properties (3). However, C6,Fn 
com~ounds are unstable with resDect to 
hydrolysis and readily lose fluoride ions, 
generating HF (4). We reasoned that per- 
fluoroalkylation of C,, might provide the 
necessary stability against hydrolysis yet 
Dresent a chemicallv resistant. fluorinated. 
kydrophobic surface to the external envi: 
ronment (5). High thermal stability might 
be expected for such materials because 
both perfluoroalkanes and C,, are excep- 
tionally thermally stable. 

We prepared such perfluoroalkylated 
nanospheres by adding perfluoroalkyl free 
radicals to C,,. These are generated by 
thermal or photochemical decomposition of 
radical precursors such as fluoroalkyl io- 
dides, R,I, and fluorodiacyl peroxides, Rf-  
C(0)O-O(0)C-F+. We also report the 
electron spin resonance (ESR) detection of 
the radical species Rf-C,,' formed in the 
early stages of these reactions by addition of 
a single fluoroalkyl radical to C,,. The 
behavior of these reaction intermediates is 
similar to that recently delineated for their 
hydrocarbon analogs (6). This similarity 
includes the tendency to form weakly bond- 
ed, dumbbell-shaped dimers Rf-C6,-C6,-Rf 
for which the dimer bond strength can be 
determined by ESR (7). 

Heating C,, and excess perfluorohexyl 
iodide in 1,2,4-trichlorobenzene at 200°C 
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45241 -9974 facilitated by the remarkable volatility of 

the material, showed the addition of 6 to 12 
perfluorohexyl groups to C,, (Fig. 1A). 
Although the relative intensity distribution 
varied somewhat for scans taken at different 
probe temperatures, the most intense peak 
alwavs corres~onded to 10 ~erfluorohexvl 
addends, coisistent with ;he elemental 
analysis. 

From 13C nuclear magnetic resonance 
(NMR) spectra, evidence was obtained for 
an average of 8 to 10 perfluoroalkyl groups 
on each C,,. A broad resonance from 160 
to 130 parts per million (ppm) was attrib- 
uted to unreacted C=C double bonds on 
C,,; broad and sharp resonances from 125 
to 105 ppm were assigned to perfluoroalkyl- 
group carbon resonances; finally, a broad 
resonance centered at 62 ppm was attribut- 
ed to C,, carbons bearing perfluoroalkyl 
groups. The ratio of the intensity of this last 
resonance to that of the broad resonance 
between 160 and 130 oDm was about 6: l .  

L A  

appropriate for an average of 8 to 10 per- 
fluoroalkyl substituents on each C,,. A very 
small extent of hydrogen incorporation was 
indicated by the expansion of each mass 
spectral peak. The expanded peak corre- 
sponding to C,, with 10 perfluorohexyl 
grouDs was simulated as a mixture of 
E60kf)10-, C60(Rf)10H-3 C60(Rf)10HZ-> 
C6,(Rf) ,,H,-, and C6,(Rf) in the 
ratios 1.0:0.78:1.0:0.78:0.11 (Fig. lA ,  in- 
set). Consistent with this finding, 'H NMR 
did show a broad resonance from 5.5 to 3.8 
ppm, which we attribute to hydrogens on 
the C,, s~here .  The 19F NMR was more 

"V I 

informative with resonances in the CF, 
chemical shift region and a single resonance 
in the CF, region (1 0). 

Substantial coverage of C,, with fluoro- 
alkyl groups can also be achieved at room 
temDerature bv ~hotolvsis of ~erfluoroalkvl , A 

iodides. For example, a saturated benzene 
solution of C,, with excess trifluoromethyl 
iodide was irradiated with ultraviolet light 
in a sealed quartz tube for 30 min. Electron- 
capture mass spectrometry showed addition 
of up to 13 CF, groups to C,, (Fig. 2A). 
Unlike the relative shar~ness of the mass 
spectrum discussed above, each CF, adduct 
showed up as a cluster of masses, as wide as 
30 mass units, indicating substantial hydro- 
gen atom incorporation that progressively 
increased with the number of CF, groups. 
Negative-ion Fourier transform mass spec- 
tra (FTMS). ex~anded in the mass region , ,  - 
appropriate for the addition of two and 
three CF, groups, peaked at compositions 
corresponding to C,,(CF,),H,- and C6;- 
(CF,),H4- (Fig. 2A, inset). The peaks of 
all mass clusters were appropriately shifted 
toward higher masses when perdeuterio- 
benzene was used as the solvent. The 
hydrogen transfer from benzene most like- 
ly occurs in two steps: addition of CF,' 
radicals to benzene to yield a CF,-substi- 
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Fig. 1. Electron-capture mass spectra of the products obtained by 
reaction of C,, with (A) perfluorohexyl iodide in 1,2,4-trichlorobenzene at 
175°C and (B) perfluoropropionyl peroxide in Freon 113 at 25°C showing 
the addition of perfluorohexyl and perfluoroethyl radicals to C,,. (Inset) 

tuted cvclohexadienvl radical ( 1  1) that ~, 

subsequintly transfers a hydrogen atom to 
a C,,(CF,),H, species (12, 13). 

T o  avoid hydrogen incorporation alto- 
gether, and bearing i n  mind the remark- 
able solubility of C,,(R,), in  fluoroorganic 
solvents, it seemed reasonable to carry out 
the radical reactions in  a fluorocarbon or - - 

in  a halofluorocarbon, notwithstanding 
the essential insolubility of C60 in such 
media. Indeed, heating a n  initially hetero- 
geneous mixture of C,, and excess triflu- 
oromethyl iodide in hexafluorobenzene at 
200°C for 24 hours in  a sealed glass tube 
led to a dark red-brown solution. The  
electron-capture mass spectrum showed 
sharp peaks corresponding to the clean 
addition of up to 14 CF3 groups to C,, 
(Fig. 2B). Similar results were obtained 

z 

with perfluoroethyl, perfluoropropyl, and 
~erfluorohexvl iodides. ' 

Other soukces of fluoroalkyl radicals can 
also be used. Reaction of C,, with a -6% 
Freon 113 solution of perfluoropropionyl 
peroxide, C,F5-C(O) 0 - O ( 0 )  C-C,F5, a t  
25°C produced clear dark-brown solutions. 
A typical electron-capture mass spectrum of 
the product showed from 9 to 16 perfluoro- 
ethyl groups attached to C60 (Fig. 1B). A 
similar number of perfluoroethyl radicals 
also add to C7, under analogous conditions, 
indicating that fluoroalkyl radicals will add 
readily to other fullerenes. 

The solid perfluorohexylated material 
appeared amorphous by high-resolution 

MI2 

The high-resolution scan of the peak corresponding to C,, with 10 
perfluorohexyl groups (lower curve) can be simulated (upper curve) on the 
basis of the expected I3C isotopomers and assuming incorporation of one 
to four hydrogen atoms. 

Fig. 2. Electron-capture 
mass spectra of the 
products obtained (A) 
by ultraviolet irradia- 
tion of C,, in benzene 
containing iodotrifluo- 
romethane at 25°C and 
(B) by heating an initial- 
ly heterogeneous mix- 
ture of C,, and excess 
iodotrifluoromethane in 
hexafluorobenzene at 
200°C showing the ad- 
dition of CF, radicals to 
C,,. The photochemical 
reaction in benzene 
leads to substantial hy- 
drogenation of the CF, 
derivatives of C,,, as  il- 
lustrated by (inset) the 
negative-ion FTMS 
spectrum, Insignificant 
oxygen incorporation is 
noticed only by FTMS of 
samples exposed to air 
and is attributed to the 
effects of laser desorp- 
tion in the mass spec- 
trometer. 
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electron microsco~v. and no electron dif- 
L ,, 

fraction was observed. Thermal gravimetric 
analysis (TGA) under flowing helium 
showed a weight loss beginning at 270°C 
with complete (residual 5 2%) weight loss 
occurring at -400°C. The major source of 
weight loss was sublimation of the material, 
as confirmed by mass spectrometry. In air, 
the TGA curve was identical to that under 
helium but began to tail at -350°C. and " 
complete weight loss did not occur until 
550°C. Differential scannine calorimetrv " 

revealed no obvious phase transitions (up to 
280°C) as might be expected for a noncrys- 
talline substance. We conclude that the 
material is thermally stable to at least 
270°C and is much more volatile than the 
parent fullerene. Under high vacuum, the 
perfluorohexylated nanospheres can be sub- 
limed quantitatively to deposit a thin film 
on a glass slide. Advancing and receding 
contact angles were determined for this film 
with both water (12410 + 3" and 64" k 3", 
respectively) and hexadecane (65" + 3" and 

24" + 3", respectively). These numbers are 
in the range observed for other perfluoro- 
alkylated surfaces (14). No chemical 
changes were observed upon treatment of 
the film with aaueous sulfuric acid or sodi- 
um hydroxide. 

The involvement of free radical inter- 
mediates in these reactions can be easily 
established by ESR. Heating 1,2,4-tri- 
chlorobenzene solutions of C,, containing 
perfluorohexyl iodide above 400 K in the 
cavitv of the suectrometer afforded the 
spectiurn of the krst-formed radical adduct 
CF, (CF,),-C,,' (Fig. 3A). The splitting 
pattern (triplet of triplets of triplets) is 
diagnostic of three pairs of interacting CF, 
fluorines. The splittings of 0.52, 2.63, and 
0.10 G at 400 K can be assigned to the first 
three pairs, counting from the C,, surface, 
by analogy with CF,CF,-C,,' (Fig. 3B). 
The latter was obtained by heating above 
400 K a saturated tert-butylbenzene solu- 
tion of C,, containing either one to two 
equivalents of perfluoropropionyl peroxide 

Fig. 3. The ESR spectra of the A 
radicals formed by addition to C,, 
of (A) a single perfluorohexyl rad- 
ical (solvent, 1,2,4-trichloroben- 
zene) and (B) a perfluoroethyl 
radical (solvent, ten'butylben- 
zene). (Inset) Temperature de- 
pendence of the ESR intensity for 
the CF,CF,-C,,' adduct generat- 
ed with perfluoroethyl iodide 
(squares) and perfluoropropionyl 
peroxide (triangles). The slope 
gives -26.6 kcal/mol for the en- 
thalpy change accompanylng di- 
mer dissociation and therefore for 
the dlmer bond strength. Also 
shown is a molecular model of the 
dimer resulting by the coupling of 
two CF,CF,-C,; radicals at car- 
bons 3 or 3' (see Fig. 4A for the 
numbering of carbon atoms) as l l  
established for the hydrocarbon 
analogs (6, 20). 

Fig. 4. Structures showlng the CF,-Rf 
numbering of the carbon at- 
oms and the sltes, a and b of 
the (A) gauche, (B) twist-anti, 
and (C) symmetric trans equi- 
llbrium conformations. 

or a small molar excess of CF,CF,I. The 
spectrum consisted of a quartet of triplets 
for three equivalent CF, and two equiva- 
lent CF, fluorines (2.29 and 0.50 G, 
respectively, at 420 K). Thus, the larger 
splitting is clearly associated with the 
fluorines of the second carbon in the 
fluoroalkyl chain. 

The ESR data collectively indicate the 
following: (i) The rotation about the bond 
connecting the fluoroalkyl group to C,, is 
strongly hindered. The equivalence of the 
fluorines on the CF, group closest to the 
C,, surface in perfluoro-n-alkyl radical ad- 
ducts requires a symmetric equilibrium con- 
formation (illustrated below) for the perflu- 
oroethyl adduct (15). 

(ii) The temperature-dependent broaden- 
ing of the central triplet of triplets in Fig. 
3A, observed also for other perfluoro-n- 
alkyl adducts of C,,, precludes the sym- 
metric trans equilibrium conformation 
(Fig. 4C). Instead, the two fluorines on 
C-8 are exchanging between two inequiv- 
alent sites at insufficient rates for dynamic 
equivalence on the ESR time scale (-1 
ps) (16). Equivalence would result in 
1 : 2: 1 relative intensities for the triplet 
with the largest splitting (Fig. 3A). Such 
inequivalent sites, a and b, arise naturally 
in a gauche (Fig. 4A) or a twist-anti equi- 
librium conformation (Fig. 4B). We favor 
the latter, which is similar to the arrange- 
ment of vicinal CF, units in the helical 
structure of p~l~tetrafluoroethylene (twist 
angle of - 13") (1 7). (iii) The reversible 
temperature dependence of the ESR inten- 
sity for the perfluoioethyl adduct (Fig. 3, 
inset) indicates that above -400 K, this 
radical is in eauilibrium with a diamagnet- - 
ic dimer in complete analogy with the 
hydrocarbon analogs (6). 

Finally, we point out that the number 
of perfluoroalkyl groups needed to effec- 
tively cover the C,, surface with a fluoro- 
carbon coating is not large. An  upper limit 
below 24 is suggested by the highly sym- 
metric structure of C6,Br24 (18) because 
we have not been able to assemble 
C,, (CF,) 24 by computer modeling using 
the structural parameters of this bromi- 
nated derivative without unrealistic steric 
crowding (1 9). 
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Isotopic Evidence for Reduced Productivity in the 
Glacial Southern Ocean 

A. Shemesh, S. A. Macko, C. D. Charles, G. H. Rau 
Records of carbon and nitrogen isotopes in biogenic silica and carbon isotopes in plank- 
tonic foraminifera from deep-sea sediment cores from the Southern Ocean reveal that the 
primary production during the last glacial maximum was lower than Holocene productivity. 
These observations conflict with the hypothesis that the low atmospheric carbon dioxide 
concentrations were introduced by an increase in the efficiency of the high-latitude bio- 
logical pump. Instead, different oceanic sectors may have had high glacial productivity, or 
alternative mechanisms that do not involve the biological pump must be considered as the 
primary cause of the low glacial atmospheric carbon dioxide concentrations. 

Measurements of ancient air trapped in ice 
(1-3) indicate that global atmospheric CO, 
concentrations have changed greatly over 
the last 130,000 years. These concentra- 
tions during the last glacial period were 
lower by about 80 ppm than concentrations 
during the Holocene and last interglacial. 
There is agreement that oceanic processes 
were primarily responsible for these changes 
because the oceanic reservoir of CO, is ' 
about 60 times larger than that for the 
atmosphere (4). One general mechanism 
that helps to explain observed lower sur- 
face-ocean CO, concentrations is the en- 
hanced photosynthetic uptake of CO, and 
subsequent removal of organic carbon to 
the deep ocean. This process is known as 
the biological pump (5). Scenarios to alter 
the efficiency of the biological pump in- 
volve changes in  global phosphate extrac- 
tion, denitrification, the C/P ratio of organ- 
ic tissues, and the organic and inorganic 
sedimentary carbon pools. However, these 
scenarios fail to meet constraints placed by 
ocean sediments and polar ice records (6). 
The surface water in  polar regions is critical 
for the control of the CO, system, because 
the deep sea interacts directly there with 
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the atmosphere. A series of models (7-9) 
demonstrated that atmospheric CO, con- 
centrations could be lowered in concert 
with the biological consumption of nutri- 
ents in  oolar surface waters. Such decreases 
could be achieved by (i) an increase in  
high-latitude productivity, (ii) a decrease in  
the rate of exchange between deep oceanic 
and polar surface waters, or (iii) both. 

This notion and consistent model results 
prompted an extensive search in the sedi- 
mentary record of the Southern Ocean for 
evidence of the predicted biogeochemical 
changes. Attempts to trace changes in  sur- 
face nutrient concentration were made by 
the measurement of 13C and Cd/Ca ratios 
in  planktonic foraminifera (10-1 1) and Gel  
Si ratios in  diatoms (12). Opal accumula- 
tion rates were used to estimate changes in  
paleoproductivity of the Southern Ocean 
(13, 14), and bulk sediment 615N measure- 
ments were used to estimate changes in  
surface-water nitrate utilization (1 5). Al- 

\ ,  

though the results are somewhat in  dis- 
agreement, none of the above studies sup- 
port the scenario of high-latitude performed 
nutrients for the deglacial increase in  atmo- 
spheric CO,. 

Here we-tested further the hypothesized 
variability in  the Southern Ocean biologs 
cal pump over the last glacial cycle by 
analyzing organic matter preserved in dia- 
tom frustules. Diatoms are the main pri- 
mary producers south of the present polar 
front. and therefore eeochemical dharacter- 
istics of the siliceius sediments of the 
Southern Ocean may provide a direct re- 
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