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Gas-phase proton transfer from dications: Coulombic repulsion between
reaction products in C60H2+ + B (B = C3H3N, HCN and CO)
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Abstract

B3LYP/6-311+G** //B3LYP/6-31G* calculations are carried out on C60
z+ species (z = 0–3), C60H+, C60H2+ and on the potential energy surfaces

for proton transfer from C60H2+ to CH2CHCN, HCN and CO. Reasonable agreement is obtained with experiment for the C60 species, although the
second and third ionization potentials are too low. The calculated potential energy surfaces account for observed reactivity. Analysis of the charge
d
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istribution in the TS for proton transfer to HCN helps explain the origin of the Coulombic barrier.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The ion chemistry of carbon clusters such as C60 is a partic-
larly rich area of mass spectrometry, and was the subject of a
ecent review by Lifshitz[1]. Typical reactions of fullerene ions
nvolve loss of C2 fragments. Where the initial cluster bears more
han one positive charge, such processes can lead to Coulombic
xplosion through production of C2+. These processes are iden-
ified through the large kinetic energy release of the fragments.

Another very interesting charge fission reaction of fullerene
erivatives has been studied in detail by Petrie et al., namely

ransfer of a proton from the dication C60H2+ [2] and trications
60XH3+ (where XH is, e.g., NH3, OH2) [3] to bases of varying
trength. These ions are in some respects surprisingly unreactive,
ith C60H2+ unable to transfer a proton to neutrals such as CS2
r C2H4, despite the fact that these are expected to have a higher
roton affinity than C60

+. This was explained by the presence of
Coulombic barrier to dissociation to form the protonated base
nd the fullerene monocation, which is only surmounted when

he base has a considerably larger proton affinity than required
or exothermic reaction. This feature of the potential energy sur-

face, typical in reactions of multiply charged ions[4], is shown
schematically inFig. 1. The reaction proceeds through ini
formation of an ion–molecule complex between the dica
and the neutral, followed by proton transfer and charge se
tion. The height of the latter barrier with respect to the prod
can be rationalized using a model in which one charge is l
ized on the proton being transferred, and the other is locat
the opposite side of the fullerene cage. Assuming that the
located close to the encounter complex C60H2+· · ·B, then this
leads to a charge–charge distance of 8.0± 0.7Å [2]. Given tha
the charges interact roughly in vacuo, this leads to a pred
reverse barrier of 42± 4 kcal/mol. This value can then be us
to correct the apparent proton affinity (or gas-phase basici
C60H2+ to give the ‘correct’ thermodynamic value.

Proton transfer was observed to occur slowly for CH2(CN)2,
CH2O and HCN, which have respective gas-phase basi
of 167.4, 164.3 and 163.8 kcal/mol, whereas no reaction
observed with CS2 (GB = 158 kcal/mol) and other weak
bases. This corresponds to an apparent gas-phase b
of 166± 4 kcal/mol [2]. Using the estimated barrier due
Coulomb repulsion discussed above, this can be translate
∗ Corresponding author. Tel.: +44 117 9546991; fax: +44 117 9251295.
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a ‘real’ gas-phase basicity of 124± 8 kcal/mol, much lower
than the apparent one. However, this value is dependent on the
accuracy of the model. It is of interest to see how well this model
describes reactivity in this type of system, as it can also yield
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.12.002
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Fig. 1. Potential energy surfaces involved in gas-phase proton transfer from a
dication such as C60H2+ to a neutral base.

insight into gas-phase deprotonation reactions of other multiply
charged ions, especially the highly charged protein ions which
are formed in electrospray ionization processes. We note that
the experimental work expresses proton affinities as gas-phase
basicities, that is, gas-phase free energies at room temperature
for the reaction C60H2+ → C60

+ + H+. With some assumptions
about entropic contributions, the proton affinity (enthalpy of
the same reaction) can be derived as 134± 8 kcal/mol[2]. We
will use proton affinities rather than free energies in the results
section of this work.

We are interested in using computation to assess the struc-
ture, energetics and reactivity of gas-phase dications and other
multiply charged ions[5–10]. In particular, we have examined
potential energy surfaces for proton transfer from NeH+ to the
LaO+ cation to form the dication LaOH2+ [6]. Although this
proton transfer is exothermic, it is unlikely to occur due to the
large Coulombic repulsion as the two reactants approach each
other. In this work, we examine proton transfer from C60H2+

to three bases studied in the experimental work of Petrie et al.
[2], namely CH2 CH CN, HCN and CO. These species have
proton affinities of respectively 187.5, 170.4 and 140.0 kcal/mol
[11], and were observed to undergo respectively efficient, slow
and no proton transfer[2]. We have also studied the series of ions
C60

z+ (z = 0–3), and examined the electronic structure of the pro-
ton transfer TSs to elucidate whether or not the model propose
in the experimental study is accurate. Previous computationa
w iri-
c has
a

2

tan-
d the
J as
u ized
u la-
t usin
t ns,
i the
l ene

Scheme 1.

gies are based on electronic energies only. However, in some
cases, zero point energy corrections are included, and these
were obtained either directly, or, for C60 and its derivatives,
from B3LYP/6-31G* frequency analysis of a model compound,
the bowl-shaped fullerene fragment C26H12 (diindeno[1,2,3,4-
defg,1′,2′,3′,4′-mnop]chrysene,[15]) shown inScheme 1. Pop-
ulation analysis was carried out using single-point calculations
at the B3LYP/6-311G** level.

3. Results

We have first computed ionization potentials for C60, C60
+,

C60
2+ and C60H+, as shown inTable 1. In all cases, the larger

basis set leads to a better description of the species with lower
charge, and hence to a higher ionization energy. B3LYP is in
very good agreement with experiment for the first ionization
potential of C60 when using the larger basis set. The second
ionization potential, corresponding to formation of triplet C60

2+,
is less accurate, as it is too small by ca. 0.7 eV. The tendency of
DFT methods to underestimate second ionization potentials for
hydrocarbons has been noted before[16], and can be attributed to
errors associated with electron self-interaction and the incorrect
behaviour of the long-range potential for the electron. Thethird
ionization potential, leading to quartet C60

3+, is smaller than the
experimental value by as much as 2 eV, which even though the
e in of
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ork has addressed C60 and some of its ions using semiemp
al [12] and DFT[13] methods, but none to our knowledge
ddressed C60H2+ or its reactions.

. Computational details

All calculations have been carried out at using the s
ard B3LYP hybrid density functional as implemented in
aguar 4.0 program[14]. The unrestricted ansatz (UB3LYP) w
sed for all open-shell species. All geometries were optim
sing the 6-31G* basis on all atoms, and single-point calcu

ions were then carried out at these optimized geometries
he larger 6-311+G** basis. Due to computational restrictio
t was not possible to carry out frequency calculations on
arge C60 system, so unless mentioned otherwise, reported
d
l

g

r-

xperimental error bar is fairly large represents a huge marg
rror. C60H+ is a closed-shell species, so better agreement
xperiment for its ionization potential might be expected, a

ndeed observed. It is to be noted, however, that the experim
alue shown here is derived from the proton affinity of C60

+

hrough the use of a thermodynamic cycle, and is thereby
aken with caution as the proton affinity itself depends on
ccuracy of the model discussed above.

able 1
omputed and experimental ionization energies (eV) of C60 species

B3LYP/6-31G* B3LYP/6-311+G** a Experimental

60 7.41 7.72 7.61± 0.02[17]

60
+ 10.37 10.68 11.39± 0.05[18]

60
2+ 13.64 13.79 15.6± 0.5[19]

60H+ 10.28 10.55 10.70± 0.4[2]

a Single-point energy at the B3LYP/6-31G* geometry.
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Table 2
Computed and experimental proton affinities (kcal/mol) of C60 species, model
hydrocarbons and co-reactants

B3LYP/6-31G* B3LYP/6-311+G** a Exp

Naphthalene 207.9 (200.5) 202.7 (195.4) 191.9[11]
Anthracene 225.3 (217.3) 219.8 (211.8) 209.7[11]
Perylene 229.7 (221.8) 224.1 (216.2) 212.4[11]
C26H12 214.7 (207.8) 209.4 (202.5) –
C60

b 212.3 (205.3) 204.2 (197.1) 205.5± 1.5[20]
C60

+b 146.1 (138.5) 139.0 (131.4) 134± 8 [2]
CH2CHCN 196.9 (190.2) 195.0 (188.2) 187.5[11]
HCN 175.9 (168.7) 174.5 (167.2) 170.4[11]
CO 148.0 (140.8) 146.0 (138.8) 142.0[11]

a Single-point energy at the B3LYP/6-31G* geometry.
b Zero-point energy correction taken from calculations on C26H12 species of

Scheme 1.

We next consider the proton affinities of the species involved
in this study, as well as the hydrocarbons benzene, anthracene
and perylene and the bowl-shaped fullerene fragment C26H12
(Table 2). The agreement with experiment is fair for the ref-
erence compounds, especially with the larger basis set (the
small basis set values may be affected by basis set super-
position error). Somewhat unexpectedly, given the accuracy
for the reference species, the agreement with experiment is
less good for C60, which has a predicted proton affinity of
197.1 kcal/mol, roughly 8 kcal/mol smaller than the experimen-
tal value[20]. The latter was determined by FT-ICR bracket-
ing experiments, with proton transfer observed to occur from
NH4

+ (PA = 204 kcal/mol) to gas-phase C60, but not from hex-
amethylbenzene (PA = 207 kcal/mol). In these experiments, the
gas-phase C60 is generated by heating solid C60 to 400 Centi-
grade in a solids probe and may therefore contain significant
thermal energy, which can in principle lead to proton trans-
fer even from bases with a slightly higher proton affinity. It is
therefore possible that the experimental value is a bit too high,
although a computational error of this magnitude is of course
conceivable also. The proton affinity of C60

+ is within the error
bounds of the experimental value, but as for the ionization poten
tial of C60H+, this observation should be taken with caution given
the assumptions made in deriving the latter.

We now turn to the calculated potential energy surfaces for
proton transfer from CH2+ to the three bases, CHCHCN,
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Table 3
B3LYP/6-311+G** //B3LYP/6-31G* computed potential energy surfaces
(kcal/mol) for proton transfer from C60H2+ to bases CH2CHCN, HCN and CO

CH2CHCN HCN CO

Erel (C60H2+ + B) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
Erel (C60H2+· · ·B) −14.5 (−16.8) −9.6 (−11.7) −0.9 (−2.7)
Erel (TS C60

+· · ·H+· · ·B) −10.9 (−9.0) −0.4 (−0.3) 30.6 (33.8)
Erel (C60

+ + BH+) −56.0 (−50.9) −35.5 (−29.9) −7.0 (−1.9)
Reverse barrier 45.1 (41.9) 35.1 (29.6) 37.6 (35.7)

Values in parentheses refer to B3LYP/6-31G* calculations.

The transition states for proton transfer all have the expected
structure, with the protonated co-reactant beginning to move
away from C60

+. As the reaction with cyanoethene is the most
exothermic, the transition state in this case is quite early, with
the C60

+ H+ bond not yet completely broken nor the NH bond
completely formed (rC H = 1.40Å, rH N = 1.34Å). With HCN
and CO, in contrast, the new NH and C H bonds are com-
pletely formed (1.05 and 1.10̊A, respectively), whereas the CH
bond is broken (2.12 and 3.00Å, respectively). The structure of
the TS for reaction with HCN is shown inFig. 2.

The relative energy of the proton transfer TSs varies quite
strongly between the three reactions. The barrier decreases as
proton transfer becomes more exothermic, lying much higher
in energy than reactants for CO, roughly at the same energy for
HCN, and well below for cyanoethene. This is in good agreement
with the observed experimental behaviour[2]. Proton transfer
will not occur to CO under thermal conditions given the high
barrier. With the TS lying at the same energy as the entrance
channel for HCN, proton transfer will depend upon the angle of
approach of reactants, and on the dynamics within the encounter
complex, for HCN. As a consequence, reaction will be observed
but with a low efficiency. With cyanoethene, however, the low
barrier, barely higher than the encounter complex, will ensure
that almost every collision leads to product formation.

It can be noted inTable 3that the height of the proton trans-
fer TSs with respect to products (the reverse barrier height) is
f the
m r
i tions
b verse
b ene.

F

60 2
CN and CO. The qualitative shape of these surface
hown inFig. 1, with the computed energetics summarize
able 3.

Both cyanoethene and hydrocyanic acid form relati
trong ion–molecule encounter complexes, with hydrogen b
ng between the acidic hydrogen on the fullerene and the
itrogen (rH N of respectively 1.94 and 2.11̊A). Carbon monox

de, with its smaller proton affinity and smaller dipole, form
uch weaker adduct, with a low bond energy for dissocia
f the carbon monoxide, and a long CH contact of 2.37̊A. For
CN, we also investigated the energy of bound adducts in w

he nucleophilic nitrogen atom forms a bond to a carbon ato
he fullerene cage. These isomeric adducts all lie signific
igher in energy and have not been further considered.
-

-
c

f

airly similar in all three cases. This provides support for
odel used in the experimental paper[2], whereby this barrie

s due almost entirely to electrostatic charge–charge interac
etween the separating singly charged fragments. The re
arrier is highest in the case of the reaction with cyanoeth

ig. 2. Optimised geometry of the TS for proton transfer from C60H2+ to HCN.
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This can be readily understood in terms of the electrostatic
model: this TS, as already noted, is very early and hence involves
a fairly short distance between the protonated cyanoethene and
C60

+ fragments.
We use population analysis to characterize the electronic

structure of the TS in the case of HCN. Both Mulliken and
NBO partial charges were computed for each atom at the TS
at the B3LYP/6-311G** level, and give similar results. Results
are given below for the Mulliken analysis first, with the NBO
value in paretheses. As expected, the total charge on the C60

+

fragment is close to one, at 1.082 (1.049), indicating that the
electronic character at the TS involves near-total charge transfer
to the base, as assumed in the previous model. The charge on the
nascent HCNH+ product is 0.918 (0.951). The distribution of the
charge within each fragment is however considerably different
from that assumed in the model of Petrie and Bohme[2]. The
centroid of the charge on the HCNH+ product lies close to the
carbon atom, at a distance of 0.439Å (0.388Å) towards the nitro-
gen atom, and is thereby very close to the centre of mass of the
ion. As such, it is much further away from the fullerene cage than
assumed, at a distance of 3.875Å (3.926Å) from the nearest car-
bon atom, as compared to the 1Å distance assumed in the model.
This is because proton transfer has already occurred completely
at the TS, so the charge is located on the whole HCNH+ moiety,
not just the transferred proton. Also, the HCNH+ has already
started to move away from the fullerene cage, as noted above.
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critical distance between the cage and the electron transfer part-
ner of 7–9Å.

4. Conclusions

This study is aimed at trying to understand the nature of the
Coulombic repulsion barrier to proton transfer in gas-phase reac-
tions of dications, in particular C60H2+, with neutral species.
This is a model for important charge loss processes such as
dissociation of C2+ from multiply charged fullerene cages, or
evaporation of charge from a multiply charged droplet contain-
ing a protein and solvent. Calculations at the B3LYP level of
theory reproduce the ionization and proton affinity energetics of
C60 and several model hydrocarbons reasonably well. The worst
discrepancy concerns the second and third ionization potentials
of C60. The relative energies of the transition states for depro-
tonation of C60H2+ by CH2CHCN, HCN and CO are in good
agreement with the experimentally observed reactivity. The cal-
culations provide additional insight into the origin of the barrier
for proton transfer. Population analysis at the TS shows that
the departing charged fragment slightly polarizes the C60

+ co-
fragment, but not to the extent assumed in the experimental
model. The positive charge on the HCNH+ fragment is however
situated much further away from the cage than in the model, so
that the assumed charge–charge distance in the model is fairly
c ltiply
c uch
l m-
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[ 45.
he charge centroid of the fullerene lies close to the centre o
age, displaced by only 1.174Å (1.203Å) away from its centr
f mass in a direction opposite to that of the departing HCN+.

n the model, the charge was assumed to be polarized en
o the other side of the fullerene. Evidently, such localiza
hilst it would decrease the Coulombic repulsion, would

ead to a severe loss of resonance energy. This would be
nfavourable in energetic terms, and instead, the fullerene c

s only moderately polarized.
Despite these quite large differences, the charge–charg

ance is in fact fairly close to that predicted by the model,
he charge centroids on the HCNH+ and C60

+ fragments lying
.643Å (8.721Å) apart, which compares favourably to the̊A
ssumed in the model. This explains why the DFT-calcu
eight of the reverse barrier, 35 kcal/mol, is fairly close to
alue predicted with the simple model, of 42 kcal/mol. Us
he DFT derived positions and magnitudes of the charge
he two fragments, the simple charge-repulsion model giv
everse barrier height of 38.2 kcal/mol (38.0 kcal/mol) whic
n even better agreement with the DFT energy. This shows
he reverse barrier is indeed due almost only to charge–c
epulsion, with geometric strain, polarization, etc. playing o

minor role. This is almost certainly true also for the ba
nvolved in electron transfer from neutral species to C60

2+ and
70

2+ [21]. These reactions have been found to occur for
ral species with an ionization energy below 9.25 eV. Given
xperimental second ionization potential of 11.39 eV[18], this
eans there is a barrier in the exit channel of ca. 1.2 eV

espect to ionic products. In turn, this suggests a charge–c
eparation of ca. 12̊A. If the charge on the fullerene cage is po
zed to a similar extent to that calculated here, this sugge
e
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lose to that calculated here. In other cases such as mu
harged proteins, electronic polarizability is unlikely to be m
arger than that of the C60

+ ion considered here, so the Coulo
ic barrier to deprotonation will be best described as invol
protein fragment with the charge distributed roughly ev

ver the whole species. This will lead to large barriers to de
onation and fairly high apparent gas-phase basicities.
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