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Abstract

The reactivity of the fullerene cations C4, . C4y . and Cfg (n = I, 2, 3) with atomic hydrogen has been studied in a
selected-ion flow tube apparatus at a temperature of 294 + 2 K and a helium buffer-gas pressure of 0.36 + 0.01 Torr.
Repeated addition of hydrogen atoms was inferred in the reactions of all the fullerene cations. Rate coefficients for each
hydrogen-atom addition step could not be determined separately. However, a “'mean addition rate coefficient” for the
observed series of sequential hydrogen-atom additions could be determined, yielding values of 3.0 x 107'°-4,5 x 107"
cm® molecule™' s™' for singly and doubly charged fullerene ions, and 8.0 x 1010 x 107" cm* molecule™" s™! for
fullerene trications. The lower limits obtained for the effective bimolecular rate coefficient for the primary addition step
were 1.0 x 107'" cm® molecule ' s ', 3.0 x 107" cm® molecule™' s ', and 1.0 x 10™* cm® molecule ' s™! for singly,
doubly and triply charged cations. respectively. In contrast with previous studies which have established a substantial
enhancement in the efficiency of addition to the adjacent-pentagon fullerene ions C% and C% over addition to the

isolated-pentagon fullerene ions Cf , little or no difference in the rate of addition or the overall extent of hydrogenation
N+

was apparent between Ci/, Ciy ., and Cj; ions possessing the same degree of positive charge. None of the fullerene
cations reacted measurably with H, under the experimental conditions.
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1. Introduction

One of the many aspects of the emerging
fullerene chemistry [1,2] to have received con-
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siderable attention in the last few years is that
of the hydrogenation of fullerenes. Several
syntheses have recently been reported for
hydrogenated fullerenes (“‘fulleranes’) [3—6]:
for Buckminsterfullerene, Cqy, levels of hydro-
genation ranging from CgH, to CyoHyy [3-5]
have been achieved, although Banks et al. {6]
noted that the Birch reduction of Cg, appears
to yield a range of fullerane products domi-
nated by CgHs,, rather than CgyHsz as
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reported earlier [3]. The reversibility of the
catalytic hydrogenation of fullerenes, in the
presence of metal catalysts in toluene
solution, has also been demonstrated recently
[7-9]. Theoretical studies of fullerene hydro-
genation [10-25] have concerned trends in
fullerane stability as a function of the sites
[10—17] and extent [18-20] of hydrogenation;
calculations on the most symmetric isomers of
CeoH )2, (n = 0--5) suggest that, for externally
hydrogenated Cg, repeated 1,2-addition at the
formal double bond sites associated with
adjacent six-membered rings can lead to a
maximum-stability structure featuring
between 36 and 48 hydrogen atoms.

The effect of hydrogenation upon the
generation of fullerenes within carbon-rich
plasmas is not yet well understood; the
presence of some hydrogen within sooting
flames still allows some fullerene formation
[26,27], although Allaf et al. [28] have sug-
gested that hydrogenation of carbon clusters
tends to interrupt the fullerene growth pro-
cess. The detection of fullerene hydrides,
including C(,QHQ, C60H4, and C70H2, within
soot deposits derived from graphite has
recently been reported [29).

Several studies have also detailed the
reactivity of neutral and ionized Cgy with
atomic hydrogen — indeed, the mechanism
for the transfer hydrogenation of Cg by
dihydroanthracene [4] is considered to involve
the addition of hydrogen radicals. It is also
probable that this method of hydrogen
radical abstraction operates in the catalytic
dehydrogenation of hydroaromatic com-
pounds, as has been recently reported [30].
Repeated addition of H' to C¢, has also been
observed in a solid state, matrix isolation study
at 77 K [31], in experiments involving the
exposure of thin films of solid C¢ to H
generated by the action of a hot tungsten
filament upon H, [32], and in a gas-phase
study at elevated temperatures (400°C) and
pressures (6.9 MPa) [33]. Four of the five

possible exo isomers of C;yH have been
identified by their EPR spectra, as has one of
2792 possible isomers of C;yH3 [34]. In an
earlier study [35], we described the occurrence
of repeated addition of H' to Cy}, Ci5, Ca,
and C3}, with addition occurring for > 5% of
collisions between the fullerene ions and H'.
The apparent repeated addition of H' to
fullerene ions in mass spectrometric ion
sources has been noted under chemical
ionization [36] and electron attachment [37]
conditions.

Our interest in the reactions of fullerene
cations with H' relates, in part, to an interest
in the interstellar chemistry of fullerenes [38—
40]. Several authors have considered that
fullerenes in interstellar or circumstellar
environments are likely to be hydrogenated
to some extent [41-45]. We have recently
suggested [45] that hydrogenation of
adjacent-pentagon fullerenes formed in cir-
cumstellar envelopes may act as a selection
factor in favour of the stabilization of
fullerenes  containing  adjacent-pentagon
structural features, and that these adjacent-
pentagon sites are likely to possess higher
C-H bond dissociation energies than other
fullerene structural features. The present
study involves a comparison of the reactivity
of adjacent-pentagon and isolated-pentagon
fullerenes with atomic hydrogen, and extends
our ecarlier observations of fullerene ion/
hydrogen atom reactions to include the gas-
phase chemistry of fullerene trications with
atomic and molecular hydrogen.

2. Experimental

The measurements reported here were per-
formed using a selected-ion flow tube (SIFT)
apparatus which has been described previously
[46.47). All measurements were obtained at a
temperature of 294 + 2 K and a helium buffer-
gas pressure of 0.36 +0.01 Torr. Fullerene
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Table 1

Observed primary reaction rate coefficients (lower limits), and
calculated mean addition rate coefficients, for the addition of
atomic hydrogen to the fullerene cations C/'* (i = 56,58,60;
n=12.3)at 294 + 2 K and 0.36 = 0.01 Torr of helium

Reactant kobs ke " k.© ~AH
Ced >0.1 0.3 1.906 67.4+2
Cy >0.1 0.45 1.506
Ci >0.1 0.4 1.906
o >0.3 0.35 3812 84+ 10
ci >0.3 0.4 3.813
i >0.3 0.4 3813
Ca* >1.0 0.8 5719
Cyt > 1.0 0.9 5719
ct > 1.0 1.0 5719

* Observed effective bimolecular reaction rate coefficient. ex-
pressed in units of 107° cm’ molecule™! 57!

® Calculated mean addition rate coefficient, expressed in the
same units as kpe, and defined in detail within the text.

¢ Langevin collision rate coefficient, calculated according to
the method of Gioumousis and Stevenson [49], and expressed
in the same units as & .

4 Reaction exothermicity, where known. in units of kcal mol "
and calculated according to values tabulated in Ref. [50].

cations were obtained in the ion source by
electron impact ionization or dissociative
ionization (~ 50 V for C;”, 80 V for C:™,
105 V for C;**) of fullerene vapour. The
fullerene sample used (= 90% Cgy, =~ 9%
Cy) was obtained from Termusa, Inc., and
was introduced into the ion source without
further purification. Hydrogen atoms were
generated by the action of microwave dis-
charge upon a mixture (5.0%) of H, in He;
the efficiency of hydrogen-atom generation

was assessed using the calibration reaction
with CO73:

CO;' +H — HCO™ + 0O (1)

CO;* + H, — HOCO* + H' ()

which has been studied in detail by Tosi et al.
[48]. A hydrogen-atom concentration range
from 85% of the nominal H, concentration
(at low H,/He flows) to 32% of the nominal
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Fig. 1. Semilogarithmic graph of the experimental data for the
reaction of C;jf with atomic hydrogen. The ion signal was
measured at m;z 240. The measurements were performed at a
temperature of 294 + 3 K and a helium buffer-gas pressure of

0.36 £ 0.01 Torr. The hydrogen-atom flow was assessed using
the calibration reaction [48] with CO5".

H, concentration (at high flows) was noted
with the present experimental setup.

Owing to the relatively low intensity of the
adjacent-pentagon fullerene cation signals (the
signals due to Ci; and Ci; were always sub-
stantially less intense than the optimum signal
that could be obtained for Cgg), it was found
necessary to operate the downstream quad-
rupole mass spectrometer at comparatively
low resolution. This resulted in a fullerene
peak which was generally twice as broad as
that expected on the basis of the calculated
12C . BC isotope distribution for cations of
Csq, Csg and Cgy. Because of the apparent
breadth of the reactant ion signals, it was not
possible to obtain precise rate coefficients for
the sequential addition of hydrogen atoms to
the fullerene ions in question. Therefore, the
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kinetic values reported here are to be con-
sidered as lower limits to the true effective
bimolecular reaction rate coefficients for
hydrogen addition under our experimental
conditions.

3. Results and discussion

As mentioned in the Experimental section,
the necessity for operating the downstream
quadrupole mass spectrometer at a low resolu-
tion setting precluded the determination of
accurate absolute reaction rate coeflicients.
The results of our kinetic measurements on
the reactions

C!* + H (+M) — C;H" (+M") 3)

are given in Table 1. The reaction profile
obtained from a typical kinetic measurement,
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Fig. 2. Mass spectra showing the reaction of Ci{ (m/z 672), Csf
(mjz 696), and Cy (m/z 720) with atomic hydrogen at several
flows. The flow of atomic hydrogen, in units of 10" atomss™', is
shown directly above each trace. The measurement was per-
formed at a temperature of 294 + 3 K and a helium buffer-gas
pressure of 0.36 £ 0.01 Torr.

for C;3" with H', is shown in Fig. 1. Further
experimental data, in the form of mass spectra
taken at various H' flows, are shown in Figs.
2-4.

Owing to the high temperatures (we
estimate about 650-750 K) used to vaporize
the fullerene sample in the ion source, the
possibility of vibrational excitation of a frac-
tion of the fullerene ions reaching the reaction
region cannot be entirely discounted. It is gen-
erally regarded that the high number density of
helium atoms in the flow tube should ensure
that all the vibrational modes are quenched
before the ions reach the reaction region.
Not enough is known of the vibrational or
electronic modes of fullerene ions to be cer-
tain that no accessible modes are metastable
and thus long lived under the multiple
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Fig. 3. Mass spectra showing the reaction of ng (m/z 336), C§§'
(m/z 348), and ng (mjz 360) with atomic hydrogen at several
flows. The flow of atomic hydrogen, in units of 10'” atoms s™', is
shown directly above each trace. The measurement was per-
formed at a temperature of 294 + 3 K and a helium buffer-gas
pressure of 0.36 £ 0.01 Torr.
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collision conditions of the flow tube. In this
context, it should be noted that substantial
differences have been reported in the observed
reactivity of Cj and C3j with several neutrals
in SIFT and triple-quadrupole studies (see, for
example, Ref. [51]). In general, product
channels not seen in our SIFT studies (such
as partial charge transfer from ng to O, and
D,0) were observed in the MS/MS/MS studies
of Garvey et al. [51]. These clear differences in
reactivity are suggestive of a differing degree of
excitation of the reactant ions in the two tech-
niques, and it seems likely that the MS/MS/
MS studies (in which the only buffer gas is
generally the reactant gas) are affected by the
presence of vibrationally or electronically
excited ions to a substantially greater extent
than is the case in our SIFT.

Ton Signal
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Fig. 4. Mass spectra showing the reaction of C&* (mjz 224).
Cg‘;‘+ (miz 232), and Cg,f,+ (m/z 240) with atomic hydrogen at
several flows. The flow of atomic hydrogen, in units of 10"
atoms s, is shown directly above each trace. The measure-
ment was performed at a temperature of 294+ 3 K and a
helium buffer-gas pressure of 0.36 + 0.01 Torr.

The observation, reported here, of repeated
hydrogen-atom addition to fullerene ions does
not, in itself, demonstrate that these reactions
occur solely via reactions of fullerene ions with
atomic (rather than molecular) hydrogen.
However, when the microwave discharge was
switched off, we did not observe any addition
or hydrogen-atom transfer for the reactions of
Cit (n=1, 2, 3) with Hy, k<1072 cm?
molecule™ s7'. This result suggests that
hydrogen-atom abstraction from H, and
addition of H, are endothermic or inhibited
by activation energy barriers. The endo-
thermicity of hydrogen-atom abstraction
from H,, by Cif and CZJ, can be justified on
thermochemical grounds [50], and it appears
highly likely that hydrogen-atom abstraction
by Ce", and by C% and Cf%, is also endo-
thermic. If this is so, then the increasing
hydrogenation evident at increasing hydrogen-
atom flows results from the addition of free
hydrogen atoms to the fullerene-ion surface.

We assume that the hydrogen-atom
addition reactions here are collisionally
(rather than radiatively) stabilized, owing to
the high buffer-gas pressure. This assumption
could be tested by investigating the pressure
dependence of the association rate coefficient.
However, the limited operating range in
buffer-gas pressure of the SIFT (about 0.2—
0.8 Torr) is not well suited to studies on
pressure dependence. Further, the efficiency
of hydrogen-atom recombination is pressure
dependent; calibration of hydrogen-atom con-
centration as a function of buffer-gas pressure
would thus be necessary, and the uncertainty
in this calibration (as discussed above) would
be likely to obscure any trends evident in the
pressure dependence of the reaction rate
coefficient. Consequently, while we appreciate
that determining the mode of stabilization is
important, we have not endeavoured to do so
in this study.

We previously reported a lower limit of
kops = 1.0 x 1071 cm® molecule™ s7! for the
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reaction of Cgj with H™ [32]. In the present
study, we are able to confirm this lower limit,
which is observed to apply also to the reactions
of Ci{ and Cig with H'. Our earlier study also
included a lower limit of kg, >3.0 x 107'°
cm’® molecule™' s™' for the reaction of ng
with H'. This lower limit was again observed
in the present study for all three fullerene
dications.

Table 1 also includes a “‘mean addition
rate coefficient” for each cation, calculated
according to the following model. If it is
assumed that each carbon atom on the
surface of a fullerene ion C/" is a reactive
site, and that all “bare” (non-hydrogenated)
carbon atoms on the surface of a hydro-
genated fullerene ion C,H_;-?+ are of compar-
able reactivity while hydrogenated sites are
non-reactive, then the addition of each H’
serves to consume one reactive site. In such a
reaction scheme, the expected reaction rate
coefficients have the form k; = (i — j)ko/i,
where k&, is the primary reaction rate
coefficient and k; is the rate coefficient for
addition of the (j+ 1)th H" atom. The
observed mass spectra for the extent of
hydrogenation at various H' flows can then
be compared with a series of calculated mass
spectra at the same H' flows for various values
of k().

There are several possible shortcomings
with such a model. Firstly, the trend in asso-
ciation rate coefficients may not decrease in the
proposed fashion with increasing hydro-
genation. Addition of hydrogen may act to
activate some sites for further addition.
Theoretical calculations have clearly shown
substantial differences in the enthalpies of
formation of different C4oH, isomers [11,12],
and it is possible that kinetic differences exist
for the addition of different H' to different
sites of a hydrogenated fullerene molecule or
ion. Hydrogenation may affect the charge dis-
tribution on the fullerene surface, resulting in a
directing effect towards certain sites (i.e.

“favouring” collision at some sites rather
than others). A second factor to be considered
is the effect that hydrogenation may have on
the process of energy dispersal within the
collision complex; the more rovibrational
modes that exist for the partitioning of inter-
nal energy, the longer the collision complex
lifetime and the greater the probability for
collisional or radiative stabilization of the
collision complex. Thirdly, some sites in the
“bare” fullerene cation may already be
activated — this is much more probable in
the cases of CifandC% than for Ci/, since
there are many distinct carbon atoms in the
adjacent-pentagon fullerenes Cs, and Cgg,
while all the carbons comprising the Cgq
surface are formally identical. Fourthly, the
model assumes that there is no contribution
from reactions of the type

CH)" +H' — CH, + H, 4)

which are exothermic for CeoH' and CeoH>*
[50], and are probably exothermic for most
other C,»H}’+ species. The continuing increase
in extent of hydrogenation at increasing H’
flows, evident from the experimental data
shown in Figs. 2-4, indicates that hydro-
genation reactions dominate over reactions
of type (4), although the existence of com-
petition between hydrogenation and dehydro-
genation cannot be completely ruled out.
Finally, a difficulty arising in the analysis of
the experimental data is that the reactant
fullerene ion peaks in Figs. 2—4 are signifi-
cantly broadened, which serves to distort the
apparent product ion distributions observed in
these mass spectra. The “fitting” of calculated
product ion distributions to these data, for
various k, values, must therefore include not
only a correction for the '“C:*C isotopic
distribution of the product ions, but also a
correction for the instrumental peak broaden-
ing observed. A computer program was com-
piled to calculate k; values and product ion
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distributions for a given k; and a given H’
flow, according to the above model and using
the method of Rodiguin and Rodiguina [52].
Product distributions calculated in this man-
ner were corrected by an artificial peak-shape
profile, I(m), given in Eq. (5). Each mass-
signal was modelled with a gaussian distribu-
tion, assuming that the experimental points are
normally distributed:

I(m) = Iyexp[—b(m — M)?] (5)
where M and b are the mean (peak position)

and standard deviation (peak broadening)
of the normal distribution, respectively,

Mean degree of hydrogenation
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Fig. 5. Estimation of the mean degree of hydrogenation.
expressed as the mean number of H' atoms added to the
fullerene cations C5i", Cii™, and Cii* vs. the flow of atomic
hydrogen. The measurement was performed at a temperature
of 294+ 3 K and a helium buffer-gas pressure of 0.36 4 0.01
Torr.

and [, is the amplitude of the modelling
ion signal. Note that all the experimental
ion peaks were modelled independently and
normalized.

Interestingly, the ion peak broadness (b
parameter) resulting from a reaction of type
(3), and obtained by curve fitting to the
distribution (Eq. 5), is independent of the
H' flow and significantly larger than the
ion peak broadness observed before reaction
for Cif, Cit, and C§j (n=1, 2, 3). This
proves that the treatment of the “mean addi-
tion rate coefficient” calculation is close to
reality. The modelling procedure also allows
an estimation of the mean number of H’
atoms added to the fullerene cations of inter-
est, and shows the difference in the reactivity
of adjacent- and isolated-pentagon fullerenes
(see Fig. 5).

While, as discussed above, several potential
shortcomings exist in the modelling of the
experimental data in this fashion, the model
adopted does serve to allow determination of
the average hydrogenation rate with reason-
able accuracy. Calculated values of this
quantity, listed in Table 1 for the fullerene
ions studied, are considered to be accurate
within a factor of 2, and to have a relative
uncertainty of about +30%. The principal
sources of absolute uncertainty are in the
determination of the H" flow (which is, by
necessity, somewhat indirect) [48], and in the
broadness of the peaks in the mass spectra.

There is some evidence, in the experimental
data, that hydrogenation of the adjacent-
pentagon fullerenes proceeds to a greater
extent at any given H' flow than does hydro-
genation of the corresponding Cg, cation. This
difference in reactivity is slight for C%, Cig,
and Cgj (n=1, 2), but is clearly evident for
Cy*t, Cq', and Cg', as shown in Fig. 5.
Calculated mean rate coefficients for hydro-
genation of C% and Cj; are only 10-30%
higher than those for Cfj. In a previous
study of the reactions of C]™ (i = 56, 58, 60;
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n = 1, 2) with several neutral reactants [53], we
observed reaction rate coefficients for addition
and abstraction reactions of adjacent-
pentagon fullerene ions which were at least
one order of magnitude greater than the rate
coeflicients for the corresponding reactions of
C/s. This difference in reactivity has been
interpreted in terms of the high reactivity of
carbon atoms at the junctions of five-
membered rings in C%; and C% . The degree
of rate enhancement for adjacent-pentagon
ions evident in the present hydrogenation
reactions is, In contrast, much lower. One
possibility is that the primary and secondary
addition steps are, in all cases, comparatively
efficient, but the subsequent addition steps
must compete with efficient bimolecular
reactions. These competing reactions might
involve recombination reactions of type (4)
but, for sparsely hydrogenated fullerene ions
(where the probability of H, formation, only
likely to result from reactions at a carbon atom
o to a methine unit on the fullerene surface,
appears comparatively low), a more prob-
able bimolecular product channel is that of
tautomerization, e.g.
Lx-CHY"+H — I,y —CHY + H  (6)
where AHp(l,x —CH}") > AH(1,y —
C;H5*"). Clare and Kepert [12] have reported
a 59 kcal mol ™' range in the calculated values
of AH(CgHs,) for the least and most stable
exo—exo isomers of dihydrogenated Cgg, and
we anticipate that substantial differences also
exist in the enthalpies of formation of different
isomers of C,»Hf’*. Formation of a low energy
tautomer of C;H]™ might reasonably involve
several steps of type (6), if it is assumed that
hydrogen atoms do not migrate across the
fullerene surface with ease. We are unable to
verify or discount the occurrence of this type
of reaction with the present experimental
setup.

It is also interesting to note that there is very

little apparent dependence of association
efficiency upon the charge state of the fuller-
ene cation. The increase in calculated mean
addition rate coefficients, from C;* to C;**,
is comparable to the increase in the Langevin
collision rate coefficient from C;* to C;>*. It
should be noted here that the Langevin
collision theory may not adequately treat the
occurrence of collisions with neutrals of large
molecular ions, such as fullerene cations,
which cannot properly be regarded as point
charges. Nevertheless, in a wide-ranging
survey of fullerene ion-molecule reactions,
we did not in general observe reactions of
C¢§ occurring with rate coeffcients measur-
ably exceeding the collision rate coefficient
(either Langevin or ADO [54]) calculated
using a point-charge assumption. The
apparent lack of dependence of the associa-
tion efficiency on the charge state is unusual.
We noted [55] that addition reactions of
fullerene cations C!" are generally substan-
tially more efficient (often by three orders of
magnitude or more) than the analogous reac-
tions of their less highly charged counterparts
CE"*IH. This is presumably due to the
increased electrostatic attraction between the
more highly charged ion and the polar or
polarizable neutral. In the present case, the
reactant neutral involved is non-polar and
possesses a very low polarizability, suggesting
that the electrostatic contribution to the
collision complex well depth is insignificant.
It should also be noted, in the context of
reaction efficiency, that the present hydrogen-
atom addition reactions are among the most
efficient positive ion/hydrogen atom reactions
reported. A wide variety of positive ions have
been observed to react with H' (by addition or
by hydrogen-atom abstraction) [56] with
observed rate coefficients of between 5% and
38% of the calculated collision rate coeffi-
cients. However, no reactions having an
efficiency higher than 38% (for the hydrogen-
abstraction reaction of CH" with H') [57] have
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been reported. This observation suggests that
reactions of ions with H™ are generally some-
what inefficient for reasons which remain to be
identified (some reactions appear to be
influenced by spin multiplicity effects) {58]. In
this context, the addition reactions of fullerene
ions with H', which have efficiencies in the
range = 10-20%, are of notably high
efficiency.

4. Conclusion

The addition reactions of fullerene ions with
atomic hydrogen show a dependence of the
reaction rate on the degree of charge on the
fullerene ion. The increase in observed rate of
reaction with increasing charge state is similar
to the increase in the calculated collision rate
with increasing charge state, so that the frac-
tion of fullerene ion/hydrogen atom collisions
leading to association appears to be virtually
independent of the charge state of the fullerene
ion. The collisional efficiency of association is
also fairly insensitive to the nature of the
fullerene surface, i.e. calculated rate coeffi-
cients for the addition of H' to the adjacent-
pentagon fullerene ions C% and Cif are
seen to be close to those observed for the
isolated-pentagon fullerene ion Cfj, despite
the presence of “active sites” on the adjacent-
pentagon fullerenes which are expected to be
particularly susceptible to chemical attack.

The high efficiency (although, apparently,
not unit collisional efficiency) of repeated
hydrogen-atom addition to fullerene ions
under our experimental conditions, and the
apparent insensitivity of this addition
efficiency (considered as the fraction of ion/
hydrogen atom collisions leading to hydrogen-
atom addition) to the charge state of the
fullerene ion, provides further experimental
support for the notion that hydrogenation of
fullerenes — for example, in the transfer
hydrogenation of Cg, by dihydroanthracene

— can indeed occur by a radical addition
mechanism. The present results demonstrate
the feasibility of sequential addition of at
least nine H' atoms to fullerene trications,
this quantity appearing to be limited by
the hydrogen-atom flow which could be
generated with the available apparatus.
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