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Abstract

Experimental results are reported which demonstrate the efficient elimination of protons in charge-separation reactions of
C¢3* with HCI and HBr at room temperature. Two mechanisms are observed for the production of protons in these
ion/molecule reactions: dissociative electron transfer and halide transfer with concomitant chemical-bond formation. Both
occur in the reaction with HBr which produces protons in all reactive collisions.

The remarkable stability and ready availability of
multiply-charged fullerene cations provides the very
rare opportunity to explore the chemistry of cations
as a function of charge state. We have shown previ-
ously that new chemical pathways become accessible
in the gas phase at room temperature to reactions of
C,, cations as the charge state is increased from 1 to
2 to 3 [1]. Here we report the observation of a
remarkable onset in the chemical reactivity of Cgy
at n =3 which results in the elimination of protons
from hydrogen halide molecules due to chemical-
bond formation with Cg)g‘“. One of these reactions,
that of ng* with HBr, produces protons in all
reactive collisions at room temperature due to the
onset, also, of dissociative electron transfer.

The authors are aware of only a few previous
observations of proton production in gas-phase
chemical reactions. F* has been reported to react
with H, to produce H* and HF in 2% of the reactive
encounters at room temperature [2]. This reaction

channel, which may be viewed as H™ transfer, is
favoured by the relatively high enthalpy of formation
of F* (A Hpg = 420.7 keal mol ™' [3]) and the strong
F*-H~ bond (D% =520 kcal mol~' [3]. Also,
observations of analogous D~ transfer reactions with
D, involving chemical-bond formation with the dou-
bly-charged cations CF**, CF?*, CF;*, CO}* and
COS?* at laboratory kinetic energies between 30
and 50 eV have been reported more recently [4]. The
authors are not aware of reports of other proton-for-
mation reactions involving chemical-bond formation.
However, protons can also be produced in dissocia-
tive electron-transfer reactions as has been shown in
experimental studies of the reactions of the doubly-
charged rare-gas cations Ne** and Kr** with H, at
300 K [5]. The production of protons in reactions of
C.3* is driven by the high enthalpy of formation of
this cation which has been estimated to be 1433 + 13
kcal mol™' [6] and 1397 + 12 kcal mol™' [7] based
on a value for the third adiabatic ionization energy
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for Cy4y of 156+ 0.5 eV [8]. An analysis of the
thermodynamics of reactions of C,3* with hydrogen
halides, HX, reveals the possibility of both known
modes of proton production, viz. the transfer of X~
to C¢3* leading to the formation of a (C;}* -X")
chemical bond according to the reaction

Cigt +HX - Ce X 2"+ H?* (1)
and dissociative electron transfer according to
Cig" +HX > CY +X +H". (2)

The latter reaction becomes more exothermic as the
atomic number of X increases since the ionization
energy of HX decreases. Both reactions (1) and (2)
involve charge separation in the products and so are
constrained by energy barriers arising from Coulom-
bic repulsion [9].

Proton production in the reaction of Ci3* with
hydrogen halides was achieved in our laboratory
within the reaction region of a selected-ion flow tube
(SIFT) mass spectrometer in helium carrier gas at
0.35 £ 0.01 Torr and 294 + 3 K {10,11]. Fullerene
cations were produced in an ion source by electron
impact ionization of the vapour of a sample of
fullerene powder (= 90% C, and 9% C,,, Termusa
Inc.): C¢f at =50V, CZf at =80 V and C}* at
= 100 V. The desired Cg, cation was selected with a
quadrupole mass filter, injected into the flow tube
containing He and then allowed to thermalize by
collisions with He (= 4 X 10° collisions) prior to
entering the reaction region further downstream. HCI
and HBr were introduced into the reaction region as
10% and 12% mixtures in helium, respectively. Rate
coefficients were measured in the usual manner
[10,11] and have an uncertainty estimated to be less
than +30%.

Both HCI and HBr were observed not to react
with Cg5 or C&F, k<5x 1073 cm® molecule ™’
s~!, but increasing the charge to +3 resulted in
measurable reactions. Experimental results for the
reactions of C,3* are shown in Fig. 1. The reaction
with HCl was observed to be moderately fast, k =
3.7x 107" em® molecule™! s, and to lead to two
product channels according to

Ciat +HCl > C,ClI'2 Y+ HT, (3a)
Ciot +HCl- C H 2T+ CIY. (3b)
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Fig. 1. Experimental data for the chemistry initiated by the
reaction of Ci3* with hydrogen chloride and hydrogen bromide.
Ce ' was produced in a low-pressure ion source by electron
impact at 100 eV with Cg, vapour derived from a fullerene
powder. The lines for Ci3*, CIf, CeoH'™, CeoCl'?t and
CeBr 2" represent fits to the experimental data with solutions of
the systems of differential equations appropriate for the observed
sequential reactions. All other lines are drawn ‘‘by hand’’ for
clarity.

(88 + 5)% of the reactive collisions led to the forma-
tion of protons, channel (3a), while only (12 + 5)%
produced the C1™ cation. Of the four product ions in
reaction (3), only H* could not be detected with our
mass spectrometer and this was due to instrumental
limitations. The reaction of Cil* with HBr was
observed to be more than twice as fast as the reac-
tion with HCI, k= 9.1 X 107! cm?® molecule ™' 57!,
and to lead to one different product channel, as
indicated in the reaction

Ciy* +HBr > Cy,Br2*+H™, (4a)
Cit +HBr—CZY +H +Br. (4b)

Channel (4a) is the analogue of channel (3a), but the
analogue of channel (3b) was not observed with
HBr. There was no evidence for the formation of
CgoH 2" or Br*. The observed production of CZf
must therefore be accompanied by the production of
H* and Br’, as indicated in the dissociative electron
transfer channel (4b). The branching ratio for
(4a) /(4b) was measured to be (0.40 + 0.05)/(0.60
+ 0.03).

The production of protons in channels (3a) and
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(4a) involves the heterolytic dissociation of HCI into
H* and CI- (D°(H*-Cl1™) = 334 kcal mol™' [3])
and into H* and Br~ (D°(H*-Br™)= 324 kcal
mol~" [3]), respectively, and bond formation be-
tween Cg2* and C1” and Br~, respectively. The
exothermicities of these two channels can be derived
from the differences in bond energies, AH®=
D°(H*-X") = DYC*-X"), but values for
D%C3* -X") are not known. Similarly, for channel
(3b), AH?=DX*-H™) - D(C3*-H"). We can
expect this latter channel to be less exothermic since
D*Ci*-H™) = 384 kcal mol™' [3] is much larger
than D°(H*-C17) and this would account for the
lower efficiency of channel (3b) compared to (3a). It
follows from these considerations that the failure to
observe the analogues of reactions (3a) and (3b) with
CZy and Cf implies that the X~ and H™ affinities
of C% and C¢} are much lower than those of C3*.
The proton production channel (4b) becomes
exothermic when the excess energy in the electron
transfer, IE(C2; ) — IE(HX), supercedes D°(H*-X).
Electron transfer (without dissociation) is easily
exothermic with both HCI and HBr since IE(CZ;) =
156+ 0.5 eV [8) or 16.6 + 1 eV [12], IE(HCD =
12.747 eV [3] and IE(HBr) = 11.66 eV [3]. However,
using the higher reported value for IE(C%), we find
that dissociative electron transfer is close to exother-
mic only with HBr within the uncertainty in IE(CZ}),
AH®=08+1 eV, since D°(H*-Br)=5.7 eV [3].
Dissociative electron transfer is endothermic with
HCl, AH®=1.44+1 eV, since D(H*-C) =53
eV [3]. It remains then only to account for the failure
to observe (non-dissociative) electron transfer with
HCI which is perhaps 3.9 + 1 eV exothermic. We
have shown elsewhere that the presence of a barrier
arising from Coulombic repulsion prevents electron
transfer to Ce2* for molecules having IE > 11.4 eV
[8]; recall that IE(HCI) = 12.747 eV [3]. A similar
constraint prevents electron transfer to CZf for
molecules having IE > 9.6 eV, while the electron
transfer reactions between C.; and HX are very
endothermic since IE(C) = 7.64 + 0.02 eV [13].
The behaviour of the secondary ions produced in
reactions (3) and (4) also requires some comment,
albeit it has no bearing on the occurrence of proton
production. C1* was the only atomic ion observed in
the product spectrum of reactions (3) and (4) and
there was some evidence for its reaction with HCl

ultimately to produce H,Cl" according to the se-
quential reactions (see Fig. 1)

Cl* + HCl - HCI™* + CI', (5)
HCI™* + HCl » H,C1* + CI ", (6)

A similar sequence should have been initiated by
Br* were it produced in reaction (4) in a fashion
analogous to the production of C1* in reaction (3b),
and perhaps also by H* produced in reactions (3a)
and (4). The failure to observe this sequence in
reaction (4) with Br* provides further evidence for
the assignment of channel (4b). Our failure to ob-
serve electron transfer with H* is curious but can be
attributed to the release of kinetic energy in the
process of charge separation. The Coulombic repul-
sion energy, which we have estimated previously to
be = 4.5 eV [9], will be partitioned almost com-
pletely into translational excitation of the protons
produced in the reaction region by reactions (3a) and
(4) [14]. At such high translational energies electron
transfer to H* could become ineffective under our
operating conditions. The influence of kinetic energy
release in charge separation reactions on the occur-
rence of secondary ion /molecule reactions under our
operating conditions shall be investigated further in a
later, separate study.

DKB thanks the Natural Sciences and Engineer-
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support of this research.
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