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Can small organic dications be generated in solution and/or the gas phase? What are the 
properties of these species with regard to their unimolecular chemistry (will they fall apart 
due to high Coulomb repulsion?) and their interaction with the solvent shell? What princi­
ples do they owe their existence to and what is the interplay of electrostatic repulsion versus 
binding energy? Answers to these and many other questions are provided by combined 
experimental/theoretical studies. In most cases pleasing agreement is observed which even 
includes the ionization energies of monocations from which dications are formed using 
charge-stripping mass spectrometry. Salient features of the doubly-charged cations are: 1) 
The often observed reversal of relative stabilities of isomers when compared with their 
neutral or mono-charged counterparts; 2) the significant structural changes which fre­
quently favour anti-van't Hoff geometries; 3) the highly exothermic charge separation 
reactions which in the gas phase, however, are prevented by substantial barriers from 
occuring spontaneously, thus making observation of the thermochemically unstable dicat­
ions feasible. The prospects of generating in solution any of the dications discussed are quite 
remote. Proton transfer from the dication to the solvent shell or addition of negatively 
charged species to the dication will occur avidly.

1. Introduction
Recent developments in mass spectro­

metry have led to new information about 
the gas phase properties of doubly-charged 
cations1'1, which proved as an emerging

class of remarkable molecules121. Although 
small dications have a tendency to frag­
ment into two monocations because of 
Coulomb repulsion between the positive 
charges, experiments have clearly indi­
cated that such doubly-charged species 
may persist for several microseconds131. 
Perhaps, the most exciting example con­
cerns the recent141 experimental detection 
of He2®, one of the smallest possible 
doubly-charged molecules, which has been 
generated and identified by charge-strip­
ping (CS) mass spectrometry1'51. In He2® 
electrostatic repulsion must be enormous. 
According to Coulomb’s law, the energy 
released when two point charges of 0.704 A 
apart (which corresponds to the calculated 
equilibrium distance of He®—He®) sep­
arate to infinity is 472 kcal/mol. Despite 
this huge driving force, He2® is predicted 
theoretically to have a bound (metastable) 
ground state, XT4, and the dissociation is 
inhibited by an energy barrier calculated to
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be 34.6 kcal/mol161. What is the nature of 
this barrier and to which principles do 
many other small dications owe their exis­
tence? The answer is surprisingly simple: 
For short increases in length from the equi­
librium distance, the loss in binding energy 
(which follows roughly an r^ function) is 
greater than the gain due to the reduction 
in electrostatic repulsion (which depends 
on /-'). In fact, contrary to the common 
view that small multi-charged cations are 
intrinsically unstable, but in line with pre­
vious suggestions of Dunitz et al.P1, «that a 
bond may (even) be strengthened by effec­
tive positive charges on adjacent nuclei 
provided the charges are not too large», we 
and others131 have indeed detected numer­
ous small dications.

In this article181 we present an overview 
of the joint work performed at the TU 
Berlin and the ETH Lausanne in which, by 
using a combined experimental/theoretical 
approach, small dications having remarka­
ble properties, were generated and charac­
terized in the gas phase. The examples dis­
cussed include various dications of hy­
drides, XH2® (X = C,Si,N,O; n = 1-5), 
and some ylide dications, CH2XH2® 
(X = NH2,OH, halogen, etc.). Special at­
tention is paid to the unusual chemistry of 
the CHjO2®0 and C2H4O2® systems, which 
is also compared with the chemistry of the 
corresponding monocations and neutrals. 
In a further section we will discuss aspects 
of the chemistry of C2H4_nF2® (n = 1-4), 
and in the concluding chapter some exotic 
systems are briefly discussed. We will also 
focus on questions like: (i) What are the 
structural changes when comparing M, 
M®° and M2®? or (ii) Can small organic 
dications be generated in solution, and if 
so what is their fate likely to be?

2. Methodologies
To study dications in the gas phase the 

species of interest are generated from sin­
gly-charged precursors using charge­
stripping mass spectrometry (CSMS). To 
this end, monocations m® formed in the 
ion source of a double-focussing ZAB-2F 
mass spectrometer (BE configuration) us­
ing any of the many existing ionization 
methods, are mass selected by means of the 
magnet B before colliding with a collision 
gas, preferably oxygen, in the collision cell 
located in the second field-free region.

(1) m® + target->m2® + target + e®

H—C—H 
I 

H
1 <0« )

Charge-stripping peaks due to reaction 
(1) are obtained by scanning the electric 
sector (E) voltage around E/2, where E 
represents the voltage required to transmit 
stable m® ions. The displacement of the 
peak from 0.5 E reflects the translational 
energy loss (Q^) in process (1) and corre­
sponds to the ionization energy (IE) of the 
monocation m^11,91. The ionization ener­
gies thus obtained can then be compared 
with theoretically evaluated energies. Fur­
ther characterization of the gas phase spe­
cies is achieved by performing high-level 
ab initio molecular orbital (MO) calcula­
tions, which in some cases fulfil the ente­
rions of «state of the art» calculations.

Theory also proved to be able to answer 
a number of important questions, which 
cannot always be adequately dealt with ex­
perimentally. and which include informa­
tion on the energetics of the species, their 
electronic structures, and their isomer- 
ization/dissociation pathways. For details 
of the charge stripping experiments as well 
as the calculations and further features of 
the respective ions studied, the reader is 
referred to the original papers.

3. Dications of XHn Hydrides 
(X = C,Si,N,O; n = 1-5)

Hydrocarbon dications, CH2® (n = 1-5), 
were studied in great detail both experi­
mentally 19-111 and theoretically111’121. Al­
though there are some discrepancies be­
tween the theoretically predicted and the 
experimentally observed ionization ener­
gies for generating CH;® from the corre­
sponding monocations, it is now generally 
accepted that all these hydrides are stable 
species in spite of their high exother- 
micities in deprotonation reactions (see 
below).

From a structural point of view the most 
dramatic changes are found for the meth­
ane dications. While the neutral CH4 has 
Td symmetry and the cation radical, CHf °, 
has a C2v structure, the global minimum of 
CH4® corresponds to an anti-van’t Hoff 
geometry of D4h symmetry (1). Although 
dissociation of 1 to H® and CH? is exo­
thermic by 106 kcal/mol, a barrier of 17 
kcal/mol prevents 1 from dissociating 
spontaneously. Similarly, the «meth- 
onium» dication, CHj®° (2), was observed 
experimentally1111; a barrier of 24 kcal/mol 
separates 2 from its dissociation products 
CH®0 and H® which are 77 kcal/mol 
below the energy of 2. In 1 and 2 and most

2 (Cs)
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other organic dications the charges are dis­
persed to the hydrogen periphery which is 
favoured both electrostatically and by the 
electropositive nature of hydrogen. The 
ionization needed to generate 1 and 2 from 
their corresponding mono-cations were 
measured1111 by CSMS to be 18.9 and 21.6 
eV, respectively, which is in good agree­
ment with the theoretically evaluated adia­
batic ionization energies.

Silicon hydride dications, SiH?® (n = 1­
5), were studied both theoretically113151 and 
experimentally113141. While there exist some 
analogies there are also distinct differences 
when SiH?® are compared with the analo­
gous CH3® species. For example, like most 
small dications, the SiH3® species are ther- 
mochemically highly unstable but, are nev­
ertheless prevented by energy barriers 
from dissociating spontaneously to form 
singly-charged cations. However, the 
instabilities of the SiH3® species (indicated 
by the enthalpies of the deprotonation 
reactions of the processes SiH?®-> 
SiHf_ j + H®) turn out to be less pro­
nounced than for their carbon counter­
parts (see Table 1). This is a direct conse­
quence of the better capability of silicon to 
accomodate the positive charge which it­
self is due to its lower electronegativity and 
higher polarizability compared with car­
bon.

Molecule Deprotonation Energy
X = Si X = C

Table 1. Calculated energies (kcal/mol) for the pro­
cesses XH?® ^XH® ] (X = C, Si) >131. 

XH?®0 - 13.4 - 77.0
XH?® -26.1 - 105.7
XH?®0 -48.0 - 108.5
XH?® -20.0 - 71.4
XH3®0 -35.4 - 147.5

2 +
H—Si—H

3 (D^)

5 (Cj

from deprotonation. The open-shell dicat­
ion SiH|®° is, like CH?®°, Jahn-Teller dis­
torted from the planar D3h symmetry. The 
most stable structure for SiH3®0 (4) can be 
understood as a loosely-bound complex of 
SiH?® and H0, which is indicated by both 
the geometrical features of 3 and 4 and the 
fact that 86% of the positive charges of 4 
are located in the «SiH2» moiety. The 
higher SiH3® species (n = 4,5), are as yet 
unobserved due to the lack of suitable pre­
cursors. These dications can also be viewed 
as complexes of SiH?® with H, and H°, 
respectively. For SiH?® the global min­
imum corresponds to 5 (which is predicted 
to be more than 65 kcal/mol more stable

^rel.
kcal/mol

d

-60

(-0.21) +
O „0.979 + H

8 (C3v

(O.51)H 2 +
i<-0 03)

J1^

Fig. 1. Potential energy diagram (MP4/6-311 ++G**j/MP2/6-31G*)  for H4O2® -> 
H3O® + H®. Bond lengths in A, bond angles in degrees, numbers given in parentheses refer 
to charges.

From the theoretically predicted1131 five 
stable SiH3® dications (n = 1-5) the species 
SiH3®0, SiH3®, and SiH3®0 were indeed 
observed experimentally113b l4]. Again, a 
comparison with the valence isoelectronic 
CH3® dications is revealing. While CH3®0 
has a purely repulsive ground state, or at 
most a very shallow energy dip, the X3E + 
ground state of SiH3®° lies in a deep well 
separated by a barrier of > 20 kcal/mol 
from the charge separation products[15).

There is both experimental and theore­
tical evidence that also the first excited 
state of SiH3®0, i.e. A3H, exists as a stable 
species. When the dissociation reaction 
Sijpeo^jy®© + jj® is monitored a peak 
shape («composite peak») analysis of the 
kinetic energy releases associated with the 
formation of H® and Si®0 indicates that 
the intercharge distances Si®... H® of the 
two singly-charged species at the time of 
separation are ca. 6 A for the X3S + state of 
SiH2®0 and 1.7 A for the A3H state, in 
good agreement with theoretical predic­
tions1151.

For SiH?® the most stable species corre­
sponds to the linear singlet structure 3, 
which is also prevented by a large barrier

4 (Cav)

6 (C,)

than the D4h isomer; in fact, SiH?® with D4h 
symmetry is not a true minimum as the 
Hessian matrix has two negative eigen val­
ues. Note, that for CH?® it is the D4h spe­
cies which is the more stable one!). For 
SiH?®0 several species were located on the 
potential energy surface. At the MP4/6- 
31G**//6-31G*  level of theory, 6 - a weak 
complex of H°, H2, and SiH?® - is pre­
dicted to be the global minimum.

Among the dications of oxygen hy­
drides, OH?® (n = 1-4), the only species so 
far detected experimentally13,161 is that of 
OH?®°, which is easily accessible by 
charge-stripping from H3O® with an ion­
ization energy of 23.5 eV. OH?®° (D3h),

(0-96) H 2 + 
111.5^:2.16 

(-0-30)0 1.004

H 
(0.45)

H (0.40)

9 <C3v)

reaction coordinate
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isoelectronic with CH?, exists in a deep 
potential well. Although the reaction 
OH®^OH«E + H« is exothermic by 
— 87 kcal/mol131, spontaneous dissociation 
is not possible because of the existence of a 
large barrier (21 kcal/mol). The ground­
state potential energy surface of OH2®® is 
according to high-level calculations purely 
repulsive13171, thus explaining the experi­
mental finding that no stable OH2®® could 
be detected. The result, that OH/® escaped 
experimental verification is due to the fact 
that both the singlet (C2v) and triplet (Dnh) 
states of OH2® are prone to dissociate to 
H® and OH® via barriers as small as 2.5 
and 1.5 kcal/mol. The most spectacular 
dication among the oxygen hydrides is, un­
doubtedly, that of OH2® (7), which is iso­
electronic with methane. As is the case with 
OH2®0 the charges in 7 are dispersed to the 
hydrogen periphery (+ 0.51 perhydrogen) 
and the oxygen is even found to be slightly 
negatively charged ( - 0.03) (Fig. 1). Spe­
cies 7, which due to the lack of a precursor 
has not yet been generated experimentally, 
is predicted13181 to reside in a very deep 
potential well. Deprotonation, via 8, in the 
gas phase requires 40 kcal/mol, although 
the reaction is exothermic by — 59 kcal/ 
mol.

While OH2®0 is found to exist and OH2® 
predicted to be stable in the gas phase, 
both species are very unlikely to ever be 
generated as viable dications in solution 
because of their extremely high thermo­
chemical instability. The enthalpy of for­
mation of OH2®0 is estimated to be 685 
kcal/mol, and that of OH/® to be 564 kcal/ 
mol. Moreover, the disproportionation 
reactions (2) and (3) have enthalpies of 
reaction, dH”, of — 253 and — 225 kcal/ 
mol, respectively. These were evaluated by 
isodesmic substitution at the MP4SDTQ/ 
6-311++G**+ZPE level of theory. Thus, 
even if OH2®0 and OH/® could be gener­
ated in solution they would immediately 
either transfer a proton to their solvent 
shell or strip a negatively charged particle 
from it1181.

(2) H3O2®° + H,O ^ H2O®° + H3O®
(3) H4O2® +H2O^2H3O®

For the NH/® series (n = 1-4) 
theory117,191 and experiment1181 agree that 
only NH2®° and NH2® are experimentally 
accessible by charge stripping mass spec­
trometry. The non-existence of NH2® is 
caused by the fact, that this dication, like 
OH2®® and CH2®0, has a repulsive poten­
tial energy surface; for NH/®°, however, 
the absence of any stable species is due to a 
different origin: Vertical ionization of 
NH® would lead to a state well above the 
energy of the transition state for deproto­
nation of NH/®°. In solution, none of the 
NH/® (n = 1-4) dications is predicted to be 
stable. Like the OH/® system, proton

transfers to the solvent shell are extremely 
exothermic and will occur with avidity1191.

4. Ylide Dications, CH2XH2® 
(X = F,Cl,Br,I,OH,SH,NH2)

There has been considerable recent theo­
retical and experimental interest in the gas 
phase chemistry of ionized ylides, 
CH2XH®°, which can also be formally 
viewed as ion/dipole complexes between 
CH®° and polar molecules XH[201. The 
thermochemical and kinetic stabilities of 
CH2XH®° ions are usually comparable to 
- if not larger than - those of their isomeric 
forms CH3X®°. This is in distinct contrast 
to the behaviour of the neutral parent mol­
ecules, the ylides H2Ce—®XH, which, in 
most known cases, do not exist as stable 
entities12'1; instead, they either isomerize 
via 1,2 hydrogen shifts to the substantially 
more stable CHX molecules or they fall 
apart to CH2 and XH. Thus, ionization

Erel

leads to a strong relative stabilization of 
the ylide structure CH,XH®°. What might 
happen when a further electron is 
removed, i.e. the formation of the dicat­
ions CH2XH2® and CH3X2®, respectively, 
has been investigated for X = OH with the 
aid of high-level ab initio MO calcula­
tions1221 and for this and the other ana­
logues experimentally by CSMS[22bl. Sin-

4H°r 
[kcal/mol] 
-253 
-225

glet CH3OH2® is not found to be a station­
ary point on the potential energy surface; it 
rearranges spontaneously to a weakly 
bound complex H2...CH—OH2®, which 
dissociates via a small barrier of < 3 kcal/ 
mol into H2 and CHOH2®. In distinct con­
trast, the dication CH2OH/® exists in a 
deep potential well; it is calculated to be 
more than 74 kcal/mol more stable than 
the H,... CHOH2® complex and to be pre­
vented from undergoing exothermic disso­
ciations to, for example CH?° and OH?0 
or CH2=OH® and H®, respectively, owing 
to substantial barriers (89 and 60 kcal/ 
mol).

Similar situations prevail for the other 
CH2XH2® species. Charge stripping of the 
corresponding CH2XH®° gives rise to the 
formation of stable CH2XH2® with ion­
ization energies ranging from 16.3 eV (for 
X = I) to 19.8 eV (for X = SH). Charge 
stripping from the isomeric CH3X®° 
monocations, however, is interpreted as a 
process in which the electron ejection is 
associated with (or followed by) isomer­
ization to stable CH2XH2® rather than for­
mation of unstable CH3X2®. Thus, 
removal of two electrons produces funda­
mental changes in the stability order, a 
situation chemists are well aware of (aro­
matic versus anti-aromatic systems; conro- 
tatory versus disrotatory processes; nido- 
versus arachno-structures, etc.): We note 
that while for the neutral molecules M the 
CH3X species are invariably the most sta­
ble isomers, for the dications M2® they do 
not any longer exist; the global minimum 
corresponds to the ylide-like structures 
CH2XH2® (Scheme 1).

Scheme 1

M 
ch2xh

several eV

 CH3X

M2+
 ch3x2+

several eV

1_  ch2xh2+

5. The CH3O2®° Potential Energy Surface
The reversal of stability discussed in the 

preceding section for the CH3X/CH2XH 
versus CH3X2®/CH2XH2® systems was also 
found for the mono- and dications of spe­
cies with the elemental composition 
CH3O1231. For the monocations it is firmly 
established that the most stable form is the 
hydroxymethyl cation (10) (O -protonated 
formaldehyde); the oxoniamethylene cat­
ion (11), for which no experimental obser­
vation has yet been reported, is pre­
dicted1241 to be 78 kcal/mol less stable than 
10. However, spontaneous isomerization 
11^10 is hindered by a barrier as high as 
30 kcal/mol. For the dications it is found at 
all levels of theory used, that the global 
minimum corresponds to 13 which is, cal­
culated at the highest level of theory used 
(MP2/6-31G**//6-31G + ZPE), to be 23 
kcal/mol more stable than 12. Isomer­
ization 12->13 would require an activation 
energy of 24 kcal/mol. As with other dicat­
ions, the positive charges are dispersed 
substantially to the hydrogen periphery 
(see numbers given in parentheses of struc­
tures 12 and 13). The quite short C—O 
bond distances for both dications, 1.296 A 
and 1.308 A, are certainly due to elec­
trostatic attraction between the positively 
charged carbon and the negatively charged 
oxygen atoms. In the isoelectronic vinyl
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10 (Cs)

(0.45) Z) ,

(0.45)0 l^Q l£ä?H (0.67)

HX- ,-°°2)
12 (C2v)

radical, the C—C bond is, with 1.339 A 
(6-31G), significantly larger.

The energy needed to generate 12 from 
10 in the gas phase by charge-stripping was 
determined to be 22.4 eV which is in good 
agreement with the calculated vertical ion­
ization energy of 22.2 eV[23]. The enthalpy 
of formation of 12 was estimated to be 668 
kcal/mol which corresponds well with an 
experimentally derived number of 659 
kcal/mol, obtained from appearance 
energy measurements1251 for generating 
CH3O2®0 from methanol. Because of the 
lack of suitable precursor molecules no ex­
perimental data are available for 13. With 
regard to the thermodynamic and kinetic 
stabilities of 12 and 13, theory clearly 
shows that in solution both species are un­
likely to ever be generated as viable inter­
mediates. Charge separation via proton 
transfer is very exothermic. In the gas 
phase, however, not only is inter­
conversion of 12 and 13 hindered by a sig­
nificant barrier; but also computational 
studies have shown that unimolecular dis­
sociations to various products involve rela­
tively high barriers. Thus, it is not surpris­
ing that a stable CH2OH2®0 was indeed 
detected experimentally[23> 251.

H

1 1 (Cs) H

13 (Cs)

ylid 18 is predicted to form a stable dicat­
ion 26. Ethylene oxide (16) is, upon 
removal of two electrons transformed to 
24, which - like 26 - is isoelectronic with 
allene. Removal of two electrons from pla­
nar vinyl alcohol (15) results in the forma­
tion of a perpendicular dication 25 (both 
syn- and anti-conformations of the OH 
group are predicted to exist as stable spe­
cies).

I?

The origins of these structural changes 
and stabilization effects are manifold. The 
preference of the perpendicular form of the 
vinyl alcohol dication is, as it is for the 
ethylene dication itself (see next section), 
due to hyperconjugation which results in 
the best charge distribution. Removal of 
two electrons from the C—C 7t -orbital of 
15 results in two formally vacant orbitals 
at the carbon atoms, which in the orthogo­
nal structure interact hyperconjugatively 
with the corresponding C-H bonds. The 
planar form, which corresponds to the 
transition state for rotation around the 
C—C bond of 25, lacks this kind of stabili­
zation and is 5 kcal/mol less stable than 25 
(MP2/6-31G*//4-31G + ZPE). A similar 
stabilization effect is operative for 24. The 
global minimum on the C2H4O2® potential 
energy surface, i.e. 23, which is isoelec­
tronic with propyne, gains its stability 
from two effects: (i) As Shown by structure 
23a, the doubly-occupied py and pz orbitals 
of oxygen interact strongly with the empty 
orbitals of C(l), thereby generating a 
formal C—O triple bond, comparable to 
the C—C triple bond of propyne. In fact, 
the C—O bond length of 23 is calculated 
(4—31G) to be as short as 1.13 A. (ii) The 
strongly alternating charge distribution 
(6-31G*//4-31G) of 23 (see structure 23b) 
induces a substantial electrostatic attrac-

( H3C—CHO)

?7

h^ /H 2+ 
.c —c—o

XH

?6

H^ /H 2+ 
/C-C 

hZ xo-h

H\ /H
/ = C

H y
Hz

15

14

25

H\ 
H//C 

H

20

/H *

C
"o

H^
hA

/H
-o-c

XH

24

2+

H\ /H +‘ H\ 2+
C _ c „ X C -C-O—H

HZ

I?

XO —H H«"y 
H*

23

6. Isomeric C2H4O2® Species
Significant structural changes associated 

with successive electron removals were also 
observed for the C2H4O system, which was 
extensively studied both experimentally 
and theoretically1261. While for the neutral 
C2H4O system acetaldehyde (14) forms the 
global minimum, on the C2H4O2® potential 
energy surface a stable dication 27 does not 
exist at all; electron removal from the 
monocation 20 by charge-stripping is asso­
ciated with the formation of CHf and 
HCO®. The as yet unknown neutral 
hydroxy(methyl)carbene (17) is, upon 
removal of two electrons transformed to a 
dication 23 which corresponds to the 
global minimum on the C2H4O2® potential 
energy surface. Similarly, the unknown
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3

23a

(0 44)

\(-0.68) (-0.42)

Ho.-c—C—O—H
y (1.00) <0.72)

Hz
23b

tion within the C—C—O skeleton, which 
also stabilizes the dication.

Further exploration of the C2H4O2® po­
tential energy revealed that most of the 
C2H4O2® dications are prevented by bar­
riers from both facile interconversion or 
unimolecular dissociation. Thus, experi­
mental observation of C2H4O2® should be 
feasible. In fact, charge stripping mass 
spectrometry provided evidence!26al that 
23,24, and 25 can indeed be generated, and 
a comparison of the experimentally 
derived and theoretically predicted vertical 
ionization energies showed good agree­
ment for 24 and 25 (see Table 2). For 23 the 
ionization energy could not be determined 
due to sensitivity problems.

The extreme thermodynamic instability 
of 23, 24, and 25, indicated by their high 
enthalpies of formation and the exother­
mic disproportionation reactions (4)-(6) 
(6-31G*//4-31G) make it, however, highly 
unlikely that these dications can ever be 
formed as stable species in solution. Pro­
tonation of the solvent shell, electron cap­
ture, or hydride transfer from an adjacent 
neutral (or anion) will take place with avid­
ity.

Table 2. Thermochemical data from some C2H4O2® 
species.

-^exp 

[eV]
^calc ^-^f°calc

[kcal/mol]
CH5COH2® (23) - - 554
CH2OCH22® (24) 16.3 15.6 574
CH2C(H)OH2® (25) 17.1 17.2 575

ah;
[kcal/mol]

(4) CH-C-OH2® + CH4 ^ CH3CHOH® + CH3® - 160
(5) CH2-O-CH;® + CH4 ^ CH3-O-CH2® + CH3® - 139
(6) CH2-CHOH2® + CH4 ^ CH3CHOH® + CH® - 154

A highly-interesting C2H4O2® species 
was recently described in a theoretical 
study1271, in which it was shown that 28 also 
corresponds to a minimum on the poten­
tial energy surface of C2H4O2®. It is, how­
ever, doubtful whether 28, a cation-substi­
tuted «methonium» ion, can be formed as 
suggested by either combining CO with 
CH4® or by hydrogenation of the ketene 
dication. While these two reactions (7) are 
exothermic, they would have to compete 
with energetically equally feasible electron 
transfer processes leading to mono­
charged species.

(7) CH2® + CO
I

H-,y
H^“C

H 28

Î
h2 + ch2=c=o2®

7. Ethylene and
Fluorine Substituted Ethylene Dications, 
C2H4_X® (n = 0-4)

Ethylene and its dication provide a fur­
ther case in point for structural changes 
associated with electron removal. C2H4® 
has been thoroughly studied both theoreti­
cally1281 and experimentally1291. The anti- 
van’t Hoff perpendicular (DM) conformer 
29 is the global and the only singlet C2H4® 
minimum, being 28 kcal/mol (3—21G//3— 
21G) more stable than the planar D2h 
structure 30 which corresponds to a rota­
tional transition state. The source of stabil­
ity of 29 over 30 is due to hyper­
conjugation. In the Dm conformer the two 
formally vacant orbitals at the carbon 
atoms are orthogonal and each interact hy- 
perconjugatively with the corresponding 
vicinal CH2 groups. This leads to the best 
charge distribution; the positive charge is 
deflected to the periphery of the dication 
and resides primarily on the more electro­
positive hydrogen atoms. 30 lacks this sta-

bilization; consequently it is much higher 
in energy, and also has a distinctly differ­
ent geometry (see for example the C—C 
bond length; 6-31G*).

29(Dîa)

What happens when the hydrogen 
atoms are replaced by fluorine, which is 
known not to stabilize cationic centres hy- 
perconjugatively, has been recently studied 
theoretically and experimentally1301. Repla­
cement of all four hydrogen atoms in 
ethylene by fluorine atoms results in dra­
matic changes130“1: (i) The global and the 
only minimum on the C2F4® potential sur­
face corresponds to the planar D2h form 
(31), which is 2.3 kcal/mol (MP3/6- 
31G**//6-31G*) more stable than the per­
pendicular D2d structure (32); the latter is 
the transition state for the rotation around 
the C—C bond, (ii) In line with the rela­
tively small energy difference between 31 
and 32 the geometric features (6-31G*) of 
the two species are also comparable in 
distinction to the C2H4® system. In either 
form the charges are mainly located on the 
carbon atoms which - because of high 
Coulomb repulsion - leads to long C—C 
bonds; these are for both 31 and 32 longer 
than the one calculated for C2Ff ° (1.39 Â) 
and C2F4 (1.30 Â). Conversely, the de­
crease of the C—F bond lengths for 31 and 
32, relative to C2F4®° (1.28 Â) and C2F4

32(D2a)
(1.33 Â), points to a mesomeric contribu­
tion of the lone-pair electrons of fluorine 
which interact with the formally empty or­
bitals at the carbon atoms to generate a 
C—F «double»-bond. Replacement of the 
hydrogen atoms by fluorine atoms has no 
significant effect on the ionization ener­
gies. Electron loss from QH®® requires 
17.8 eV[29bl and for C2F?° the energy was 
determined to be 19.0 eV[30al. For other
C2H4_nF®° species the following results 
were obtained: C2H3F®°: 18.7 eV, 
CH2CF®®:18.7 eV, and CHFCF2®°: 20.4 
eV131’.

3O(D2h)
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With regard to the preferred conforma­
tion (planar versus perpendicular) of the 
C2H4. „F;® species (n = 1,2,3), it was not 
surprising to learn that the energy differ­
ences between the two conformers are 
small, and favouring one over the other 
form is also dependent on the substitution 
pattern. A detailed analysis revealed130bl 
that it is the interplay of C-H hyper­
conjugation, fluorine lone-pair donation, 
and C—F double-bond conjugation which 
determines which conformation is actually 
preferred. The theoretical results predict 
that C2F/® and C2HFj® prefer a planar 
conformation while for C,H;®, C2H3F2®, 
and 1,1-C2H2F22® the perpendicular form is 
the more stable one. However, the energy 
difference ranges from 30 kcal/mol (for 
C2H42®) to only 2.3 kcal/mol (for C2F4®).

What should also be mentioned is the 
fact that in spite of the high Coulomb 
repulsion, dissociation of C2H4„,FJ® via 
charge separation reactions must be pre­
vented by substantial barriers because all 
dications were observed in the gas phase.

8. Miscellaneous
The tempting suggestion1321 that the 

C2H^® species might have the structure of a 
carbenium-carbonium ion (33b) has en­
couraged experimentalists to search for ev­
idence of this ion. In fact, charge-stripping 
of C2H®° results in the formation of a sta­
ble C2Hg® and the energy for removing the 
electron was measured to be 18.4 eV1331. 
Beynon et al. reported1341 the existence of 
two distinguishable C2H®° monocations, 
one being formed by electron impact ion­
ization of C2H6 and the other via ion/mole- 
cule reactions of CHf° with CH4. The 
latter reaction is believed1341 to yield the 
complex 33a, which upon charge-stripping 
might indeed result in the formation of 
33b. In fact, the ionization energy to re­
move an electron from 33a (19.4 eV) is 
different from that measured for the oxida­
tion of ionized ethane (18.4 eV), which to­
gether with the different collision-induced 
dissociation pattern could be interpreted 
as an indication that one is dealing with 
two different C2H®° species. It should, 
however, be mentioned that all our at­
tempts failed to reproduce the results re­
ported by Rabrenovic and Beynon[34].

.•H HH' 1 ^H Zl+ ^H

33a (Co.,) 33b (C2v)

Dication 33b owes its stabilization (i) to 
hyperconjugative interaction between the 
nominally vacant p orbital and the pyra­
midal CH4 moiety, and (ii) to electrostatic 
effects. In 33b the hydrogen atoms which 
carry most of the charges, are on average 
further apart than in other possible C2H^®

structures1351, thereby reducing electrostat­
ic repulsion.

Among the many halocarbon ions 
studied, a few selected examples will be 
briefly mentioned. For the simple CX®/ 
CX2® systems (X = F,Cl,Br) it was shown 
experimentally1361 that the monocations ex­
ist in both the ground state and long-lived 
electronically excited states. The separa­
tion between the two states is % 5.0 eV 
(X = F), a 2.7 eV (X = Cl), and « 1.0 eV 
(X = Br). Charge-stripping from either 
state is believed to yield ground-state 
CX2®. Detailed theoretical studies were 
performed for CF2® and CF|®137); it was 
shown that both dications are extremely

Eo = 46 kcal/mol
(8) H-C-OH2®

38(Cmv) Eo = 22 kcal/mol
H® + OO-H

H-C=O + H®

stable species in spite of strong Coulomb 
repulsion. The analysis further revealed 
that the C—F bond contains high Ti-bond 
character due to the interaction of the fluo­
rine lone-pair with the empty p orbital of 
the carbon atom, i.e. C=F2®°. The C—F 
bond distance of 1.146 A (MP2/6-31G*) 
for CF2®° is the shortest CF bond length 
ever reported. For CF® and CF® the re­
spective values are 1.173 and 1.291 A. In 
CF2® bonding is found to be slightly 
weaker than in CF2®0, but nevertheless 
remarkably strong. The increase in bond 
strength when going from CF2 to CF®° 
and CF2® is reflected in the descreasing 
bond length (1.315, 1.232, and 1.166 A) 
and also in the substantially higher vibra­
tional frequencies, calculated for the C—F 
stretching vibrations (for example CF 
stretch (asym.) in CF2:1391 cm-1, 
CF®0 :1851 cm“1, and CF2® : 2486 cm’1).

Recent experimental and theoretical 
work has provided evidence that the long- 
sought CC1®° exists in two distinguishable 
isomeric forms, 34 and 35[38]. Evidence was 
also presented for a stable CC1]®1”1, and 
MO calculations suggested the C2v form 
(36) to be the global minimum on the 
CC14® potential energy surface, being 84 
kcal/mol more stable than the planar D4h 
isomer (37). Experimental studies towards 
a CC14® dication structurally related with 
35 are under way1401.

C\ >ci+' cix *■
/C X: C — Cl

Cl "Cl Cl^ ^Cl

3J(C2v)

Cl\ >C|2+

Clz ”CI

36<C2v)

35 (Cs)

C' 2 +

Cl—C—Cl 
I 

Cl

3-7<D4h)

Among the small oxygen-containing or­
ganic dications we have studied, the fol­
lowing systems deserve brief mentioning: 
CH2O2®, C2H2O2®, and C2H3O2®°.

In line with theoretical predictions1411 the 
hydroxymethylene dication (38), which 
can be described as a dicationic analogue 
of acetylene, was shown to be stable in the 
gas phase, while the isomeric formalde­
hyde dication, CH2O2®, is not1421. It was 
further demonstrated by studying labeled 
compounds that deprotonation of 38 in­
volves specifically the hydroxy group; 
cleavage of the H-C bond of 38 would 
require a significantly larger activation 
energy (cf. (8)).

ah;
[kcal/mol]

-35

-69

Finally, pleasing agreement between 
theory and experiment was also found for 
the transition state of the charge-separa­
tion reaction HCOH2®^HCO® + H®. 
The intercharge distance, r, at the time of 
separation of the two departing monocat­
ions is, to a first approximation, related to 
the kinetic energy relases, T, by the simple 
equation (9)143).

14.4
r|eV’-HAi

The T value measured at the horn of the 
dished peak associated with this reaction is 
3.6 eV, which corresponds to an inter­
charge distance of 4 A. The distance be­
tween the two hydrogen atoms in the tran­
sition state/H—C=O • • • H}2® was calcu­
lated (6-31G*) to be 4.078 A1411.

Among the ten minima located on the 
C2H2O2® potential energy surface1441, the 
ketene dication (39) was found to represent 
the global minimum, followed by the 
oxirene dication (40) which is predicted to 
be only 27 kcal/mol less stable than 39 
(MP2/6-31G*//4-31G + ZPE). For the 
neutral system at the highest level of theory 
an energy difference between 39 and 40 of 
ca. 80 kcal/mol was obtained1451, which em­
phasizes the relative destabilizing effect of 
the cyclic 4ji electron configuration of 
oxirene. Removal of two electrons dimin­
ishes this unfavoured configuration. Al­
though the formations of 39 and 40 are 
highly unlikely in solution because of fa­
voured disproportionation reactions and 
the thermochemical instability of the two 
dications (39: AH° = 651 kcal/mol; 40: 
AH° = 678 kcal/mol), observation in the 
gas phase is feasible. While charge separa­
tion of 39 and 40 are exothermic, large 
barriers prevent them from spontaneous 
dissociation. In fact, charge-stripping from 
ionized ketene results in the formation of a 
stable dication, and the comparison bet­
ween the measured ionization energy (18.6 
eV) and the one calculated for vertical 
ionization (18.56 eV) is excellent. Experi-
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ments towards identification of 40 were 
not possible because of the lack of an ap­
propriate stable precursor.

(0.51)

391CJ

40(CJ
The repeatedly noted reversal in stability 

when comparing isomers of neutral and 
ionized species holds also for C2H3O® and 
C2H3O2®° ions. While for the monocation 
the acetylium ion, CH3CO® (42), repre­
sents the global minimum, followed by the 
1-hydroxy vinyl cation (41), for the 
C2H,O2®° species the latter (43) is predic­
ted1461 to be the most stable isomer: 44, the 
acetyl dication, is found at the MP2/6- 
31G*//4-31G level of theory to be 29 kcal/ 
mol less stable than 43. As for all the other 
dications mentioned in this article, genera­
tion of both dications in solution is highly 
unlikely on the grounds of their tendency 
to either protonate the solvent shell or to 
attract an electron or an anion from it. In 
the gas phase, however, the high barrier 
should prevent them from dissociating 
spontaneously. In fact, charge-stripping of 
41 results in the formation of 431461 with an 
ionization energy of 18.7 eV, which is in 
satisfying agreement with the calculated 
vertical ionization energy of 17.9 eV. Start­
ing from 42 one can also generate a stable 
C2H3O2® species; there is, however, a dis­
crepancy between the measured and the 
calculated ionization energies (IE^ =18.8 
eV; calculated for IE„ = 22.6 eV and for 
lE^ = 20.9 eV), which for the time being is 
not fully resolved. One explanation may be 
that, like in the charge-stripping of 
CH3X®°, a Rydberg state of CH3CO® 
(denoted as (A) in Scheme 2) is involved 
from which electron ejection is accom­
panied with or followed by isomerization 
to 43 (Scheme 2). Further studies aimed at 
understanding the physics of the charge 
stripping reactions are highly desirable in 
order to resolve the discrepancy.

9. Prospects
Among the topics related to poly­

charged cations and which are likely to be

Scheme 2

discussed in the near future will be the fol­
lowing:

1) As illustrated in the preceding 
chapters a more detailed understanding of 
the physics of charge-stripping from or­
ganic cations is highly desirable not the 
least to remove the discrepancies between 
calculated and measured ionization ener­
gies found for some systems. This should 
also include rigorous theoretical treat­
ments of the dissociation pathways of 
poly-charged cations which, due to the 
mixing of polarization states, are all but 
trivial to perform properly112d’471.

2) A thorough spectroscopic character­
ization - which is now nearly routinely 
used for many gaseous monocations1481 - is 
also warranted for multiply-charged cat­
ions, and for several small dications prom­
ising results were recently published1491.

3) The study of solvated mono-charged 
cations and anions in the gas phase has 
provided a deep insight into both intrinsic 
properties of charged species and the role 
differential solvation plays1501. Related gas 
phase studies on dications are more or less 
unknown. As the generation in solution of 
any of the dications discussed in this article 
is highly unlikely, studies in the gas phase 
might be feasible, although it must be ad­
mitted that the very same processes which 
prevent the generation of dications in solu­
tion (proton transfer to solvent shell or 
transfer of negatively charged species from 
it to the dication) may also be operative in 
the gas phase.

4) The study of neutral and mono­
charged van der Waals complexes and 
clusters with its many facets belongs un­
doubtedly to the main lines of basic re­

search in chemistry and physics. The recent 
reports1511 on the successful generation and 
characterization of multiply-charged 
cluster ions with up to five (!) elementary 
charges are extremely encouraging, and 
more exciting results are likely to emerge in 
the future.

5) Both experimental and theoretical 
studies on multiply-charged small cations, 
Mn+ (n > 3), will certainly increase in num­
ber. There is already compelling evi­
dence1521 for the existence of these truly 
remarkable species and some of the prob­
lems one would like to see solved concern 
the interplay of binding forces versus Cou­
lomb repulsion, as well as the implications 
of increasing charge numbers for relative 
stability orders of isomers, structural 
modifications, pathways of isomerization 
and dissociation.

No doubt, the gas phase chemistry and 
physics of multiply-charged ions will have 
a bright future.

Since the completion of this review arti­
cle several papers on multiply-charged ions 
were published. We note the following 
ones: «Structure, stability, and energetics 
of the neutral and singly- and doubly- 
ionized First- and Second-row hy­
drides»1531, «Hydroxyacetylen: Erzeugung 
und Charakter des Neutralmolekiils, Radi- 
kalkations und Dikations in der Gas­
phase»1541, «Ab initio molecular orbital 
studies on CH2Oj®-isomers»1551
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