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The occurrence or absence of charge transfer from C go” to several neutral molecules is reported. The results, which were ob- 
tained using the selected-ion flow tube technique operating at 294 t 2 K and a helium buffer gas pressure of 0.35 f 0.01 Torr, are 
in good agreement with earlier Fourier-transform ion cyclotron resonance experiments. Rapid charge transfer, often in competi- 
tion with other product channels, was noted for the reactions of C go” with several neutrals having IE 6 11.02 eV. Charge transfer 
to OCS (IE = I 1.1736 eV) was observed to be inefftcient, and no charge transfer was seen to &II, (IE = 11.40 eV) or to neutrals 
having higher ionization energy. Consideration of the effects of Coulombic repulsion upon the occurrence of charge transfer from 
a triply-charged ion indicates IE(Cg)= 15.6kO.S eV, in disagreement with a value IE(~)=l7.0+0.75 eV determined by 
charge stripping. A value for the fourth ionization energy of Cdo, 19.5 eV, is estimated by extrapolation ofthe first three ionization 
energies. 

1. Introductioa 

Following its discovery in 1985 [ 1 ] and synthesis 
in 1990 [ 21, buckminsterfullerene, CsO, has become 
one of the most intensively studied chemical species 
[ 3 1. Among the factors promoting interest in Ceo are 
its exceptionally high symmetry and rigidity. It ap- 
pears unique among polyatomic species in having at 
least twelve experimentally accessible charge states 
ranging from Cg; to CM’ [ 4,5 1. Determination of 
the thermochemistry of successive ionizations in Ceo 
is therefore important as a model for the influence 
of the charge state upon the ionization energy for 
molecular species. 

Several experimental techniques have been used 
to study the first few ionization energies of C6,,. There 
is good agreement on IE(C&) = 7.6lL 0.02 eV [ lo], 
and on EA(Ceo) ~2.7fO.l eV [ 11,121. A spread of 
values for IE( C&’ ), ranging from 9.7 f 0.2 eV (de- 
termined by FT-ICR bracketing [8,9] ) to 12.25 kO.5 
eV (by charge stripping [ b3] ) has been reported 
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Previously reported values of IE( Ca$ ) are 
11.2f0.2 eV by FT-ICR bracketing [ 8,9] and 
17.0f0.75 eV by charge stripping [ 131. The dis- 
crepancy between these values is severe: however, the 
major portion of the discrepancy can be resolved by 
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[ 10,14- 17 1. We have recently [ 18 ] studied the oc- 
currence of charge-transfer reactions of Ci$ +X us- 
ing the selected-ion flow tube (SIFT) technique, and 
have stated that the threshold for occurrence of 
charge-transfer reactions, IE (X) = 9.59 + 0.11 eV 
[ 8,9,18 1, is consistent with a recently reported value 
[ 171 of IE(C,+d)= 11.39LO.05 eV when consider- 
ation is made of the role of Coulombic repulsion in 
charge-transfer reactions of doubly-charged ions. The 
effect of Coulombic repulsion cannot be ignored, 
since the products of a charge-transfer reaction of the 

type 

c!$ +x+C6,n-‘)+ +x+ (1) 

are initially in close proximity to each other. The 
threshold for production of such an ion pair will be 
substantially above the threshold for production of 
the ions C&l)+ and X + at infinite separation from 
each other. 
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consideration of the Coulombic effect discussed 
above. 

As a component of our studies of the ion-molecule 
chemistry of fullerenes, we have discussed the role of 
Coulombic repulsion in promoting and directing ad- 
duct formation [ 19-2 1 ] and in impeding charge 
transfer from fullerene dications [ 181 and proton 
transfer from derivatized fullerene dications [ 22- 
25 1. In a companion Letter [ 261 to the present work, 
we have discussed the expected charge distributions 
and Coulombic constraints to charge transfer from 
Cz$ ( n = 3-6). Here we present the results of an ex- 
perimental investigation into charge transfer reac 
tions of fullerene trications, and accordingly 
“bracket” the third ionization energy of CGO. 

2. Experimental 

The measurements presented here were obtained 
using a SIFT which has been described previously 
[27,28], operating at 294+ 2 K and at a helium 
buffer gas pressure of 0.35&0.01 Torr. Ca$’ was 
generated in the ion source by electron bombard- 
ment ( 100 V ) of a vaporised fullerene mixture (C,/ 
CTo, 2%-12% CTo, obtained from Strem Chemicals 
Inc.) entrained in argon. Reactant neutrals were of 
high purity (>99.5%) and were used either undi- 
luted (e.g. OCS, C2H2) or as dilute mixtures ( l%- 
10%) of vapour in helium. Rate coefficients and 
product distributions for the reactions observed have 
an estimated uncertainty of 2 30%. 

3. Results and discussion 

The results obtained are summarised in table 1. 
Several of the neutrals used here were also employed 
in the earlier study of McElvany and Bach [ 81, who 
noted, in a qualitative fashion only, the occurrence 
or absence of charge transfer. In general, our results 
are in agreement with those of McElvany and Bach, 
although we have detected a previously unreported 
minor channel ( lOoh) leading to charge transfer in 
the reaction with C3Hs; also we did not detect the 
O- transfer reaction which they reported for 
Ci,+- + CHJNO1. This difference may arise due to the 
differences in techniques: the SIFT method used here 
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allows much greater probability of collisional stabi- 
l&ion than does the lower pressure FT-ICR tech- 
nique. Indeed, for the reaction with CH3N02, we did 
detect, as a primary product, an adduct 
(C6,,.CHaNO:+‘, m/z=280.3) which was not re- 
ported in the study of McElvany and Bach. Fig. 1 
shows the reaction profile initiated by 
Cz$+ + CH,N02 in our experiments. 

It is apparent from the products shown in table 1 
that several possible product channels may compete 
with charge transfer from Ci,+‘: hydride abstraction, 
for example, and addition. We shall deal more fully 
elsewhere with an exploration of the chemistry of 
Ci,+*; we note here that the abundance of competing 
product channels, often of high efficiency, limits the 
number of neutrals whose reactivity can be expected 
to provide useful thermochemical information on the 
occurrence or absence of charge transfer. For this 
reason, although several neutrals (other than those 
employed in this study) also have ionization ener- 
gies in the range from 10.9 to 11.5 eV, we have not 
studied the reactions of Cg,+- with these neutrals since 
we anticipate the high probability of rapid hydride 
abstraction, addition, or other competing channels 
in these reactions. 

We are able to confirm the bracketing value, for 
the threshold for charge transfer, from the study of 
McElvany and Bach [ 8 1. Charge transfer to CH,NO, 
(IE=11.02+0.04eV),CaHs (IE=10.95?0.05eV) 
and to CH30H’ (IE= 10.85 +O.Ol eV) is seen to be 
efficient in competition with addition or hydride ab- 
straction. Charge transfer to O2 (IE= 12.071& 0.001 
eV), to CzH6 (IE= 11.52&0.01 eV), or to HCCH 
(IE= 11.400f 0.002 eV) was not observed: in the 
latter case, adduct formation occurred, but this ac- 
counted for only x6% of collisions and so the ab- 
sence of charge transfer in the remaining 94% of col- 
lisions is taken as being significant. The observation 
of slow charge transfer, LO.018 kc, from C&J. to 
OCS(IE=11.1736+0.0015eV)-asdepictedinfig. 
2 - also appears to be significant: a value of E, = 0.10 
eV can be obtained from the Arrhenius expression 

k=k, exp( -EJk,T) . (2) 

This value represents the height of the barrier to 
charge transfer in this reaction, and would indicate 
a value of IE (X) = 11.07 eV as the threshold for ef- 
ficient charge transfer from Caz’ to X. We choose to 
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Table 1 
Rate coefficients and product distributions for reactions of the type C 2‘ + X , used to bracket the occurrence of charge transfer to various 
neutrals X as a function of IE(X) 

X Products I) kokab) kc) IE(X) d, 

4 none <0.001 1.59 12.071 
C2H, ” none < 0.005 2.76 11.52 

Cl* c&l2+‘+cl+ obs. ‘1 1.89 11.480 
C2H2 ” &.C2H;+* ‘) 0.15 2.67 11.400 
HCOOH C&+‘+C02H+ [0.5] 2.5 3.41 11.33 

Cso*HCOOH”+’ IO.51 
CH,Cl CsoH2+‘+CH2Cl+ obs. ‘) 3.95 11.22 
cos CM + cos+. 0.048 2.61 11.1736 
CH3N02 ‘) CmXH,NO:+’ [0.9] 5.0 5.60 11.02 

C&+ + CHsNO:’ I) [ 0.11 
C3HB c) C&12+‘+C,H:~’ [0.9] 4.2 2.84 10.95 

Cg+CsH:’ [O.l] 
CH30H =) Cg +CHJOH+‘g’ [0.8] 2.5 4.38 10.85 

Csa*CH,0H3+’ [0.2] 

H2S CsoH2+‘+HS+ [ >0.5] 3.5 3.39 10.453 
C$ +H2S+’ [ <0.5] 

NO’ Cg +NO+ 1.1 1.67 9.264 

I) Where more than one product channel was detected, product ratios are reported in square brackets. 
b, k, is the observed reaction rate coefficient, in units of 10m9 cm3 molecule-’ s-l, at 294k 2 K and a helium pressure of 0.35 + 0.01 

TOIT. 

cl k, is the calculated ADO collision rate coefficient, in units of lo-’ cm3 molecule-’ s-‘, calculated according to the method of Su and 
Bowers (291. 

‘) IE(X) is the ionization energy, in electronvolts, of the neutral in question, as listed in the tabulation of Lias et al. [ 301 unless specified 
otherwise. 

‘) This neutral was also employed in the study of McElvany and Bach [ 81. 
‘) Reaction was observed as shown. but a rate coefficient was not determined. The reaction appeared to be efficient (k> 10eg cm3 

molecule-* s-l ). 
‘1 Product channel also reported by McElvany and Bach [ 81. 

adopt, instead, a threshold value of 11.09 f 0.09 eV, 
encompassing the apparent endothermicity of charge 
transfer to OCS and the apparent exothermicity of 

charge transfer to CH,N02. 
Having obtained a value for the threshold IE (X ) 

for the occurrence of efficient charge transfer, we 
must allow for the Coulombic repulsion barrier to 
charge transfer in order to estimate IE( Ci,’ ) . In the 
companion paper to the present work [ 26 1, we have 
estimated that the Coulombic repulsion barrier, 
Vi + VT, to the reaction 

c;,+- +x-K;, +x+. (3) 

is 4.51 -fO.4 eV above AH0 for this reaction. This 
yields a value of IE(Cz) = 15.6kO.5 eV, in dis- 
agreement with the value of 17.0 kO.75 eV deter- 
mined by Lifshitz et al. [ 131. While the charge-strip 
ping technique used to measure the ionization energy 

in the study of Lifshitz et al. [ 131 is arguably a more 
direct route than is our estimation, two points should 
be raised in defence of the value obtained here. 
Firstly, it seems significant that the charge-stripping 
study [ 13 ] yielded the highest value for IE( C,’ ), 
12.25 + 0.5 eV, while no other method has yet yielded 
a value in excess of 11.90 eV and the least uncertain 
determination to date is 11.39?0.05 eV [ 171, in 
disagreement with the charge-stripping value. It is 
conceivable that the charge-stripping technique sys- 
tematically overestimates the appearance energy for 
Cgi polycations from the reaction 

(Cbg”)+)*+X-Kg: +X+e, i (4) 

since the collision, although at high centre-of-mass 
energy, is still affected by ion-induced dipole inter- 
actions which are likely to favour localisation of one 
of the charges on C& ‘)+ at the point of closest ap- 
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cIJgo* “;~ow / “,“,17 
0.8 1.0 1.2 
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Fig. 1. Experimentally observed data for reaction of CM * with 
CH,NO, in helium buffer gas: P=O.354 Torr, He flow veloc- 
ity=6.2X IO3 cm s-l, reaction length=46 cm and T=294 K. 
Primary product channels seen are charge transfer (10%) and 
adduct formation (90%)) with several secondary processes also 
in evidence. The adduct CW-CHsNO:+ is seen to proton trans- 
fer rapidly to CH3N0,: some secondary adduct formation evi- 
dently occurs also (although this adduct Cm* (CH,NO,):+’ was 
not directly observable), since the deprotonated secohdary ad- 
duct C, CH,NO, *CH,NO:+’ was detected. Protonated nitro- 
methane, CHfi02H+, was observed to form the proton-bound 
dimer (CHsNOz)zH+. In the graph shown, data was collected in 
the high-mass mode of the downstream quadrupole mass spec- 
trometer which did not permit resolution of the signals at m/z 
6 1 ( CH3N0i’, from charge transfer) and m/z 62 (CH3N02H’) 
and so the signal ascribed to CH,NO*H+ also contains some 
component from m/z 61; in further experiments performed in 
the low-mass mode, m/z 6 I and 62 were well-resolved. 

preach upon the fullerene surface to the neutral X. 
This is likely to result in the initial formation of a 
polycation Cg possessing an unfavourable charge 
distribution, and hence the appearance potential for 
this process wiIl be somewhat elevated. This effect is 
likely to be much more significant for C&‘)+ than 
for other ions having little or no charge delocalisa- 
tion. Secondly, the most questionable assumption in 

2 
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y . , , , 

ocrkv / l% 

3.0 4.0 

molecule s-l 

Fig. 2. Experimentally observed data for the reaction of Cg,+- with 
OCS: P=O.359 Torr, He flow velocity=6.1 X 10’ cm s-‘, reac- 
tion length=46 cm and T=294 K. Charge transfer was the sole 
primary product channel detected. Formation of the OCS dimer 
ion occurred as a secondary process; the formation of CST’ , which 
was also noted, may be due to a slight CSz impurity in the OCS 
sample used or also due to secondary reaction. (0 ) m/z 240; 
(O)m/z360;(A)m/z60;(A)m/z74;(0)m/zl2O. 

our calculation of the Coulombic repulsion barrier is 
likely to be that the separation between C&J and X 
at the moment of charge transfer, which we have 
taken as 1 .O !z 0.7 A, is indeed equal to the separation 
between Ca$ and X at the moment of charge transfer 
[ 181. If the separation differs with the charge state 
of the fullerene polycation, then it appears probable 
that charge transfer occurs at a greater separation for 
Cz,+* . ..X than for Ci,+ . ..X. in which case the Cou- 
lombic repulsion barrier - and, in consequence, the 
IE( (2% ) value determined from this - will be lower 
than that estimated for a separation of 1 .O + 0.7 A. 
We thus anticipate that our bracketed value of 
IE( (2% ) is likely to be too high rather than too low. 
A lower value of IE (C$J ) would be in more serious 
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disagreement with that reported previously by 
Lifshitz et al. [ 131. 

It seems reasonable to assume that the bulk of the 
energy released in the Coulombic repulsion between 
the two product ions will be manifested in the trans- 
lational excitation of these ions. The comparatively 
large uncertainty in our determination of 
IE (C:,’ ) = 15.6 & 0.5 eV could therefore be reduced 
by an accurate measurement of the kinetic energy re- 
lease upon charge transfer from C&Y to X. While we 
recognise the desirability of such a measurement, it 
is not possible to perform an experiment of this type 
using the SIFT technique employed in the present 
study. 

A linear relationship between the successive ion- 
ization energies of large polycyclic aromatic hydro- 
carbons has been proposed by Smith [ 3 I]. While it 
is not clear that buckminsterfullerene is sufficiently 
large to exhibit such behaviour, it is interesting to 
note that our value of IE( C$,+ ) = 15.6 + 0.5 eV does 
encompass the value of 15.17 f 0.12 eV obtained by 
extrapolation of IE( CbO) and IE( C& ). A value 
somewhat higher than 15.17 eV for the third IE might 
be anticipated for two reasons. Firstly, there is con- 
siderable charge crowding in C&J* (intercharge sep- 
aration is only 6.06 A for a trigonal planar charge 
configuration [ 261): the approximations inherent in 
Smith’s model [ 3 1 ] will not hold perfectly for a spe- 
cies of such small diameter and high charge state. 
Secondly, ionization of Cso and Cz,’ produce radical 
ions while ionization of C&’ produces a non-radical 
ion: the differences in the contribution of the elec- 
tron pairing energy to IE ( C, ) and IE ( C& ) also lead 
to an underestimate of IE (Cg,$ ) by extrapolation. 

Further extrapolation, using the current values of 
IE(Cso)=7.61+0.02eV, IE(C,+d)=11.39~0.05 eV, 
and IE( Ca$) = 15.6 * 0.5 eV, yields an estimate for 
IE(C&Y’ ) of % 19.5 eV. This is considerably below 
the value of 2 1.7 eV estimated by Walter et al. [ 321, 
using the same technique but different values (those 
of Lifshitz et al. [ 13 ] ) for the second and third ion- 
ization energies. Based on our extrapolated value of 
IE(C:,+‘)=19.5 eV, and the value of (Vs+V;) 
= 7.1+ 0.6 eV which we have obtained for the Cou- 
lombic repulsion energy involved in charge transfer 
from Cd; to X at the assumed &,...X separation of 
1 .O 5 0.7 A, we estimate that C$ should be capable 
of undergoing charge transfer with species X having 

IE(X) < 12.4 eV. However, the cumulative uncer- 
tainties involved in this estimate are high. We are at 
present attempting to determine IE(C&) using the 
bracketing technique described here, but conlirma- 
tion via photoionization or other techniques is also 
very desirable. 

4. Conclusion 

Ion/molecule studies bracketing the occurrence of 
charge transfer from Ci,‘* favour a lower value, 
IE (C:,‘) = 15.6 f 0.5 eV, than the only other exper- 
imental determination of this quantity yet reported, 
even when consideration is made of the maximum 
Coulombic repulsion barrier expected to impede 
charge transfer from C&J’. The value reported here 
is consistent with the progression observed between 
IE(C,,-J=7.61-t0.02eVandIE(C~)=11.39f0.05 
eV. However, the uncertainty associated with any 
“bimolecular” method of ionization energy deter- 
mination, arguably including the charge-stripping 
technique, is large and it is difficult to pinpoint the 
third ionization energy, by such methods, as accu- 
rately as seems feasible by spectroscopic means. We 
therefore recommend that a spectroscopic determi- 
nation of IE (Ca$ ) be attempted in order to clarify 
this issue. Alternatively, a measurement of the ki- 
netic energy release upon charge transfer from 
Ci,‘* could also assist in refining the third ionization 
energy. 

Acknowledgement 

DKB wishes to thank the Natural Sciences and En- 
gineering Research Council (NSERC) of Canada for 
the financial support of this research and the Canada 
Council for a Killam Research Fellowship. HW is 
grateful to NSERC for an International Scientific 
Exchange Award. 

References 

[l] H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl and R.E. 
Smalley, Nature 318 (1985) 162. 

[2] W. Kriitschmer, L.D. Lamb, K. Fostiropoulos and D.R. 
Huffmann, Nature 347 (1990) 354. 

471 



Volume 204, number $6 CHEMICAL PHYSICS LETTERS 26 March 1993 

[ 31 T. Braun, Angew. Chem. Intern. Ed. Engl. 31 (1992) 588. 
[4] Q. Xie, E. Perez-Corder0 and L. Echegoyen, I. Am. Chem. 

Sot. 114 (1992) 3978. 
[S]R.J.DoyleandM.M.Ross,J.Phys.Chem.95(1991)4954. 
[6] D.L. Lichtcnbcrger, K.W. Ncbesny, C.D. Ray, D.R. 

HuRmann and L.D. Lamb, Chem. Phys. Letters 176 ( 199 1) 
203; 
D.L. Lichtenberger, M.E. Jareko, ICW. Nebesny, C.D. Ray, 
D.R. Huffmann and L.D. Lamb, Proc. Mater. Res. Sot. 
Symp. 206 (1991) 673. 

[7]J.A. Zimmerman, J.R. Eyler, S.B.H. Bach and S.W. 
McElvany, J. Chem. Phys. 94 (1991) 3556. 

[8] S.W. McElvany and S.B.H. Bach, ASMS Conf. Mass 
Spxtrom. Allied Topics 39 (1991) 422. 

[9] SW. McElvany, M.M. Ross and J.H. CaUahan, Proc. Mater. 
Res. Sot. Symp. 206 ( 1991) 697. 

[ 10lR.K. Yoo, B. Rustic and J. Berkowitz, J. Chem. Phys. 96 
(1992) 911. 

[ 111 S.H. Yang, C.L. Pelliette, J. Conceicao, 0. Chesnovsky and 
R.E. Smalley, Chem. Phys. Letters 139 ( 1987) 233. 

[12]L.S. Sunderlin, J.A. Paulino, J. Chow, B. Kahr, D. Ben- 
Amolz and R.R. Squires, J. Am. Chem. Sot. 113 ( 1991) 
5489. 

[13] C. Lifshitz, M. Iraqi, T. Peres and J.E. Fischer, Rapid 
Commun. MassSpectrom. 5 (1991) 238. 

[ 141 C.S. Hsu and D.M. Cox, unpublished results cited in ref. 

[141. 
[IS] D.M. Cox, S. Behal, M. Disko, S.M. Gorun, M. Greaney, 

C.S. Hsu, E.B. Kollin, J. Millar, B. Robbins, W. Robbins, 
R.D. Sherwood and P. Tindall, J. Am. Chem. Sot. 113 
(1991) 2940. 

[ 161 ICA. Caldwell, D.E. Giblin and M.L. Gross, J. Am. Chem. 
Sot. 114 (1992) 3743. 

[ 171 H. Steger, J. de Vries, B. Kamke, W. Kamke and T. Drewello, 
Chem. Phys. Letters 194 (1992) 452. 

[ 181 S. Petrie, G. Javahery, J. Wang and D.K. Bohme, J. Phys. 
Chem. 96 (1992) 6121. 

[ 191 S. Pctrie, G. Javahery, J. Wang and D.K. Bohme, I. Am. 
Chem.Soc. 114 (1992) 9177. 

[20] J. Wang, G. Javahery, S. Petrie and D.K. Bohme, J. Am. 
Chem. Sot. 114 (1992) 9665. 

[ 211 S. Petrie, G. Javahery and D.K. Bohme, J. Am. Chem. Sot., 
in press, 

[22] G. Javahery, S. Petrie, A. Ketvirtis, J. Wang and D.K. 
Bohme, Intern. J. Mass Spectrom. Ion Processes 116 ( 1992) 
R7. 

[23] S. Petrie, G. Javahery and D.K. Bohme, Intern. J. Mass 
Spectrom. Ion Processes, in press. 

[ 241 G. Javahery, S. Petrie, H. Win&, J. Wang and D.K. Bohme, 
J. Am. Chem. Sot, submitted for publication. 

[25] S. Petrie, G. Javahery, H. Wince1 and D.K. Bohme, J. Am. 
Chem. Sot., submitted for publication. 

[26] S. Petrie, J. Wang and D.K, Bohme, Chem. Phys. Letters 
204 (1993) 473. 

[ 271 G.I. Mackay, G.D. Vlachos, D.K. Bohme and H-1. Schiff, 
Intern. J. Mass Spectrum. Ion Phys. 36 ( 1980) 259. 

1281 A.B. Raksit and D.K. Bohme, Intern. J. Mass Spectrom. Ion 
Processes 55 (1983/1984) 69. 

[29] T. Su and M.T. Bowers, Intern. J. Mass Spectrom. Ion Phys. 
12 (1973) 347. 

[ 301 S.G. Lias, J.E. Bartmess, J.F. Liebman, J.L. Holmes, R.D. 
Levin and W.G. Mallard, J. Phys. Chem. Ref. Data 17 
(1988) Suppl. No. 1. 

[31] F.T. Smith, J. Chem. Phys. 34 (1961) 793. 
[32]C.W. Walter, Y.K. Bae, DC. Lorents and J.R. Peterson, 

Chem. Phys. Letters 195 (1992) 543. 

472 


