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Ab inido molecular orbital ealenlations with large, polarizetion basis sets and incorporating valence electron 
correlation have been employed to examine the [GHzO]+' potential energy snrface. Four [WzO1+' isomers 
have been identified as potentially stable, observable ions. T h e  are the experimentdly well-known ketene 
radical cation, [CH4=0 ]+ '  (a), and tbe presently unlmown ethynol radical cation, [CH=C-O€EI+' (b), 
the oxirene radid cation [CH=CH-O]"(c) and an ion resembling a complex of CO with [CHz]', 
[:C====Hz]'* (a). The calculated energies of b, c and d relative to a are 189, 257 and 259 W mol-', 
respectively. Dbisociation of ions a and d is found to occur without reverse activation energy. 

- 
INTRODUCTION 

Although recent advances in experimental techniques 
have greatly facilitated the study of the ther- 
mochemistry and molecular structure of gas phase 
ions, this is still an area where there are often prob- 
lems in unambiguously interpreting the experimental 
results. In this respect, theoretical calculations of ion 
structure and stability are playing an increasingly valu- 
able role in assisting, and at times guiding, experimen- 
tal research. 

We have used such a theoretical approach in this 
paper to examine the [GH20]+' system, for which 
relatively little is known experimentally. The neutral 
GH20 system has been the subject of numerous 
experimental and theoretical studied" aimed at deter- 
mining whether, in addition to ketene (CH2=C=0), 
there may exist other stable &H20 isomers. Calcula- 
tions have identified' ethynol (C-C-H) and oxi- 
ranylidene (CH,-O-C:) as potentially observable 
species. For the ionized system, the ketene radical 
cation, [CH,==C==O]+', is the only [GH20]+' isomer 
whose observation has been reported to date. The 
ionization of ketene, leading to [CH,=C=O]+', has 
been studied extensively."" In addition, ions of com- 
position [GH,O]+' have been observed in the mass 
spectra of aliphatic esters," furan12-14 and cyclo- 
butanone," and have generally been assumed to have 
the ketene structure. Photoionization, photoelectron 
spectroscopy and mass spectrometry studies of the 
ionization and fragmentation of ketene to give [CH2]+- 
and CO have been carried and 
ion/molecule reactions of the ketene radical 
as well as ion/molecule reactions leading to the ketene 
radical cation" have been reported. We are not aware 
of any reports of [&H,O]+' isomers other than the 
ketene radical cation, nor of any attempts at generat- 
ing such isomers. 

In the present study, we aim to examine the 
[C,H,O]+' potential energy surface, and to determine 
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Figure 1. Possible isomeric [&H,O]+' structures. 

which [GH,O]'' isomers, if any, are likely to be 
stable, observable species. For this purpose, we have 
considered nine possible [&H,O]+' isomers (a-i, Fig. 
1) and a number of transition structures for their 
interconversion. The latter will enable us to assess the 
stability of the [Q,H20]+' isomers under scrutiny. We 
are not aware of any previous theoretical studies of 
the [GH20]+' system other than a discussionz1 of the 
dissociation of [CH2=C=O]+' (a) to give [CHJ' and 
CO, and a MIND0/3 study" of a. 

METHOD AND RESULTS 

Ab initio molecular orbital calculations were per- 
formed with a modified version23 of the Gaussian 80 
system of programs.= Geometries of equilibrium 
structures and transition structures were determined at 
the Hartree-Fock (HF) level using analytical gradient 
procedures and the 3-21G basis set." Improved rela- 
tive energies were obtained from higher level calcula- 
tions which employ the d- and dp-polarization 6-31G* 
and 6-31G** basis sets26 and which incorporate val- 
ence electron correlation via second-order (Mp2) and 
third-order (MP3) Mdler-Plesset perturbation 
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theory.27 All calculations on odd-electron species 
employ the spin-unrestricted formalism. As computa- 
tional expense precluded direct calculation of MP3/6- 
31G** energies, these were estimated using the ad- 
ditivity relationship: 

vibrational frequencies2' at the HF/3-21G level. In 
addition, the calculated frequencies were used to ob- 
tain zero-point vibrational energies. Energy compari- 
sons refer to MF'3/6-31G** values with the addition of 
a contribution for zero-point vibrations. As HF/3-21G 
calculations are known to overestimate vibrational 
frequencies by - the zero-point vibrational 
energy contributions have been scaled by a factor of 

Optimized geometries of [GH20]+' equilibrium 
structures and transition structures are displayed 
within the text; bond lengths are given in Angstroms, 
bond angles in degrees. The optimized geometries of 
the corresponding neutral C2H20 equilibrium struc- 
tures (distinguished by a parenthetic (a ) )  are provided 

AE(MP3/6-31G**) AE(MP3/6-31G*) 
+ AE(w2/6-31G**) 
-AE(MP2/6-3lG*) (1) 0*9. 

Such additivity relationships have recently been tested 
and found to hold 

Optimized structures were confirmed as minima 
(equilibrium structures) or saddle points (transition 
structures) by evaluation of the full set of h m r m k  

TaMe 1. Calculated total energies (Hartmen) and zero-pint vibrational energies (ZPVE, kJmol-') for the [CJ&O]+' and 
component systems" 

Electronic 
Species Svmmetw mate 321G 631G' 631Gb* MP2/&31G* MP2/6-31Gn* MP31631G' ZPVP 

'Bq -150.56921 -151.42379 -151.42776 -151.81216 -151.82650 -151.81853 87.3 
2A" -150.49920 -151.34377 -151.35296 -151.72856 -151.74610 -151.74299 86.1 

ICH+OI+' ( a )  c, 
[ C H d - O H l + '  ( b )  cs 
[FH=CH-?]+' (cl) C, '61 -1 50.44604 -151.30882 -151.31317 -151.70859 -151.72233 -151.72034 85.p 
[CH=CH-OI+' (c2) Cs 'A" -150.44637 -151.30837 -151.31275 -151.70186 -151.71559 -151.71472 80.5 
[:C====H,I+' id) c* 'A' -150.49923 -151.33794 -151.34189 -151.70422 -151.71898 -151.71689 79.6 
[:C=CH-OH]" (el  1 C, 'A" -150.42752 -151.28603 -151.29488 -151.64814 -151.66622 -151.67078 
[:C=CH-OHI+' (e2) C, 'A" -150.42371 -151.28263 -151.29145 -151.64563 -151.66364 -151.66781 85.1' 

'A" -150.44668 -151.29265 -151.29698 -151.62986 -151.M390 -151.65604 77.7 
'A" -150.43529 -151.28842 -151.29469 -151.64989 -151.66582 -151.67075 68.1 
'A" -150.37348 -151.22118 -151.22917 -151.59405 -151.61122 -151.60944 62.7 
'A" -150.44525 -151.29741 -151.30180 -151.66245 -151.67632 -151.68136 76.7' 
'A' -150.44352 -151.30559 -151.30993 -151.66754 -151.68183 -151.67809 68.P 
'A" -150.37561 -151.24104 -151.25384 -151.63192 -151.65323 -151.64749 65.0 

r=O c, 'A, -112.09330 -112.73726 -112.73726 -113.02014 -113.02014 -113.01837 13.8 
ICHzl+' c, 'A1 -38.34747 -38.56612 -38.57055 -38.63519 -38.64929 -38.64940 45.0 

[:C-CH=OI+' (f) C, 
TS(f + a )  (i) C, 
TS(f -+ b )  (k) CS 
TS(f + c) ( I )  c* 
TS(d+a)(rn) CS 
TS(e --* b )  ( n )  CS 

1 Hartree = 2625.5 kJ mol-'. 
Optimized at the HF/3-21G level. 
3-21G//3-21G values unless otherwise stated. 
6-31G*//6-31G* value. 
Not obtained, due to convergence problems. 

'Obtained with a convergence criterion of 
0 The zero-point vibrational energy calculations indicate a small additional imaginaw frequency, which has been ignored. 

Hartrees, rather than lo-' Hartrees, due to convergence problems. 

~~~ 

Table 2. Calculated relative energies (kJmol-l) for the [CJ-IZO]'' system 
Species 3210  631G* 6-31G** MP2/631G* MP2/631G** 

[CH-l+' ( a )  0 0 0 0 0 
[CHEC-OH]" ( b )  184 210 196 219 21 1 

273 [CH=CH-(?]+'(cl) 323 302 301 272 
[CH=CH--OI+.(c2) 323 303 302 290 291 
[:C==H,l+' ( d )  184 225 225 283 282 
[:C=CH-OH]+'(eT) 372 362 349 431 421 
[:C=CH-OHl+'(e2) 382 371 358 437 428 
[:CH-CH=OI+' (f) 322 344 343 479 479 
TS(f + a )  (i) 352 355 349 426 422 
TS(f + b )  (k) 514 532 521 573 565 
TS(f c) ( I )  325 332 331 393 394 
TS(d-+a)(rn) 330 310 309 380 380 
TS(e -+ b )  ( n )  508 480 457 473 455 
[CH,]"' + C=O 337 316 315 41 2 41 2 

- 

aValues estimated using Eqn (I). 
'With zero-point energy contribution {see text). 

Using the ZPVE obtained for e2. 
The experimental value is 399 kJ mo1-l (see text). 

MP3/63IG* 

0 
198 
258 
273 
267 
388 
396 
427 
388 
549 
360 
369 
449 
396 

MP3/&31G*"' 

0 
190 
259 
274 
266 
378 
387 
427 
384 
541 
361 
369 
431 
396 

MP3/631G**b 

0 
189 
257 
268 
259 
37ff 
385 
41 8 
367 
519 
351 
352 
41 1 
370d 
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Table 3. Calculated viirational frequenciesa for eqdin-  
s h c t o r e ~  a-d 

Species Vibrational frequencies (cm-') 

aValues listed have been scaled by 0.9 (see text). 
Calculated at the 6-31G*//6-31G* level. 

for comparison, as well as a schematic representation 
of the singly occupied molecular orbital (SOMO) of 
each of the ions. Total energies and zero-point vibra- 
tional energies are listed in Table 1, relative energies 
in Table 2 and harmonic vibrational frequencies for 
ions a-d in Table 3. The more important aspects of 
the [&H,O]+' potential energy surface are illustrated 
in Figs 2-5. Unless otherwise noted, relative energies 
quoted within the text refer to our best calculated 
values from Table 3, i.e. MP3/6-31G** with zero- 
point energy contribution. Energies calculated at this 
level have been found to provide a reasonable descrip- 
tion of the potential energy surfaces for related sys- 
t e m ~ . ~ '  

DISCUSSION 

Structures and relative energies 

The only known [&H,O]+' isomer, the ketene radical 
cation (a), is found to have a ,B1 ground state, and to 
be the global minimum on the [C2H20]+' potential 
energy surface. Its structure reflects the nature of the 
SOMO: removal of an electron from a n-type molecu- 
lar orbital which is bonding across C=C and an- 
tibonding across C==O leads to a lengthening of the 
C=C bond and a shortening of the C=O bond from 
1.296 and 1.162 to 1.377 and 1.123& respectively. 
Vertical (IE,) and adiabatic (IEJ ionization energies 
for ketene were calculated at the MP3/6-31G** level 
(Table 4) yielding values of 9.44(IEV) and 
9.09 (IEb eV compared with experimental values of 
9.8 (IE,)' and 9.6 (IE,) eV.4-6,8-'o The calculated 

/ 
H 

SOMO (a )  

/ 
H 

/ 
H 

a (n) a 

Table 4. Calculated total energies (Hartrees') and ionha- 
tion energies (m, a, AZE, ev) for ketene 

a h )  ta(n)l"" IE, I E ~ ~  A I E ~  

6-31 G* -151.72393 -151.41aaa 8.54 8.17 0.3 
6-31 G** -151.72800 -151.41404 8.54 8.17 0.37 
MP2/6-31G* -152.14590 -151.79825 9.46 9.08 0.38 
MP2/6-31G** -152.16189 -151.81264 9.50 9.13 0.37 
MP3/6-31G* -152.15090 -151.80559 9.40 9.04 0.36 
MP3/6-31 G*" - - 9.44 9.09 0.35 

a 1 Hattree= 27.212 eV. 
Calculated at the optimized geometry of neutral ketene (a(n)). 
Calculated using total energies for a listed in Table 1. 

Values estimated using Eqn (1). 
AIE = I€,- I€,. 

difference (AIE) of 0.35eV between IE, and IE, 
reflects the geometric reorganization of ketene upon 
ionization. 

The second lowest isomer, the ethynol radical' cation 
( b ) ,  is calculated to lie 189 kJ mol-' higher in energy 

,H 

SOMO ( b )  

H 

b (n) b 

than a. This may be compared with an energy differ- 
ence of 152 kJ mol-' for the' neutral isomers.' It is 
interesting that whereas the ethynol-ketene energy 
difference has increased (from 152 to 189 kJ mol-') on 
ionization, the ethenol (vinyl alcohol)-acetaldehyde 
energy difference moves in the opposite direction, 
from 45 to -64 kJ mol-', on i ~ n i z a t i o n . ~ ~ ' ~ ~  Ionization 
in ethynol occurs from a r-type orbital which results 
in a 'Aff electronic state. The change in structure upon 
ionization may again be understood by examining the 
SOMO. The main features are a lengthening of the 
CSC bond and a reduction in the C-0 bond. 

For the oxirene radical cation (c), our 3-21G calcu- 
lations indicate a minimum corresponding to an ion 
slightly distorted from Gv symmetry (c2), the GV 
species (cl) being slightly higher in energy. Higher 
level calculations (Table 1) show, however, that the 
symmetric structure ( c l )  is preferred and this is sup- 
ported by 6-31G* vibrational frequencies (Table 3) 
which indicate that c l  is a local minimum on the 
potential surface. The energy of c l  relative to a is 
calculated to be 257 kJ mol-l, substantially lower than 
the value of 331 kJ mol-' which was obtained for the 
relative energies of the corresponding neutral isom- 
ers.' Structural changes upon ionization again are 
consistent with the nature of the SOMO, viz. a 
lengthening of the C=C bond and a reduction in the 
C-0 bond lengths. 

For the neutral C2H20 system, the CO---CH2 
isomer was found' to be only weakly bound with 
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H A H 

SOMO ( C l )  

C (n)  

c2  

1 +. 
I 

165 3 

cl 

H 

H 

SOMO (ffl)  

H H 

el (n) 81 
1 +. 

1.311 

H 

1 +. 

respect to CO and CH2, and not considered to repre- 
cent a viable GH,O species. However, ionization to 
give [:C=O-CH,]+. (d)  results in a substantial 
stabilization. The energy of d relative to a is calcu- 
lated to be 259 kJ mol-l. Ion d is bound with respect 
to CO and [CHJ' by 11 1 kJ mol-l; this is reflected in 
the calculated structure of d, where the C-0 bond 
length is 1.566 A compared with 2.302 A in the weak, 
neutral C%O - -CH, complex. 

U 

H 

SOMO ( d )  

LHCH = 104.5 

d (n) d 

The [CH,=C=O]''/[:C=O-CH2]+~ pair of iso- 
mers may be compared with the related [H- 
CSO]+/[:C=O-H]+ and [CH,-C%O]+/[:C=O- 
CHJ ion systems.34s35 For the latter systems, energy 
differences of 157 and 216 kJ mol-', respectively, 
were calculated. The common feature of these three 
isomer pairs is the attachment of a small group 
([CH,]+*, [HI+, [CH,]') to either end of a carbon 
monoxide moiety. Attachment to the carbon end is 
favoured in each case. We note that the higher energy 
isomer of [HCO]+, viz. [COH]+, has recently been 
identified e~perirnentally.~~ 

The hydroxyvinylidene radical cation, [ :C=CH- 
OH]+', was studied in both anti and syn conforma- 
tions. The anti conformer (el) was calculated to be 

8 2  (n) 82 

the lower in energy, but still 376 kJ rno1-l higher in 
energy than a. Again the nature of the SOMO allows 
a rationalization of the structural changes upon ioniza- 
tion: the increase in the C=C bond length may be 
attributed to the removal of an electron from a 
molecular orbital which is bonding in the C=C region. 

The formylmethylene molecule ( :CH-CH4)  has 
often been invoked as an intermediate in the Wolff 
rearrangement. Recent calculations,' however, suggest 
that formylmethylene is not stable but will rearrange 
to ketene without activation energy. The formyl- 
methylene radical cation (f) is also likely to be unsta- 

H 

H 

SOMO ( f )  
1 +. 

ble with respect to rearrangement to the ketene radi- 
cal cation (a) (see below). However, it is located at a 
minimum on the 3-21G surface where it is found to be 
planar, in contrast to the non-planar structure found 
for the neutral species. The energy of f relative to the 
ketene radical cation (a) is quite high at 418 kJ mol-l. 

For the remaining [C,H,O]+' isomers (g-i) consi- 
dered in this study, initial calculations showed g and h 
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W 
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300- 
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- 
g 200- 
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0 -  

d (259) cl (257) el (3761 

Rgure 2. Interconversion pathways between [&H,Ol+' isomers. Relative energies 
shown in parentheses are for equilibrium structures; those in square brackets are 
for transition structures. Curly arrows indicate a barrier-free process. 

k 
- 

- 

b - 

[CH,=C=Ol+' 
a 

to be very high in energy relative to the most stable 
species (a), while ion i, the oxiranylidene radical ca- 
tion, was found to collapse to a without a barrier. The 
latter result contrasts with that found for oxiranylidene 
itself, which was indicated to be a potentially observa- 
ble CH,O species.' 

Intramolecular rearrangement pathways 

For a [&H,O]" isomer other than the ketene radical 
cation (a) to be a stable, observable species, it must be 
of low relative energy and must have substantial bar- 
riers with respect to rearrangement to a or any other 
isomer with an energy lower than the ion under con- 
sideration. For this reason, we have determined the 
potential energy barriers for a number of rearrange- 
ments involving ions a-f, as given by the relative 
energies of the transition structures for such rear- 
rangements. A summary of our results for various 
possible intramolecular and dissociative rearrange- 
ments of ions a-f is presented in Fig. 2. 

At the 3-21G level, a transition structure (j) was 

I 2 7 0  1 +* 

'H 

I 
found for the rearrangement of the formylmethylene 
radical cation (f) to the ketene radical cation (a) by 
way of a 1,Zhydrogen shift. The associated barrier is 
calculated to be 30 kJ mol-l, but higher level calcula- 
tions show that the energy of j drops below that of f 
(Tables 1 and 2), suggesting that f, if formed, is likely 
to rearrange to a without activation energy. Thus, f is 
unlikely to represent a stable structure on the 
[&H,O]" potential energy surface. 

Transition structure k represents the barrier for the 

1 +* 

148 6 ' 250 ? 
lO6y&;34l '. t 

c=c: cd- 1.31 8 

I 347\-. ' H H 

k 

Figure 3. Schematic potential energy profile showing rear- 
rangement pathways involving the hydroxyvinylidene (e l ) ,  
ethynol ( b )  and ketene ( a )  radical cations. 

1,2-hydrogen shift which interconverts the formyl- 
methylene radical cation f and the ethynol radical 
cation b. The energy of k relative to a is 519 kJ mol-l. 
A search for a transition structure representing the 
direct 1,3-hydrogen shift for the rearrangement of the 
ethynol radical cation (b) to the ketene radical cation 
(a) was unsuccessful. The calculations indicate that 
dissociation to give H' and [H-C=M]+ (triplet) 
may be preferred. In the absence of a direct pathway 
for b +- a, the rearrangement b + f +- a provides an 
estimate for the barrier separating b from a (Fig. 3), 
and at 330 kJ mol-' is found to be substantial. 

At the HF/3-21G level, the oxirene radical cation of 
C, symmetry (c2) was found to be preferred over the 
species with GV symmetry (cl ). A transition structure I 

1 +* 

t 
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400 

c 300- 
I 
4 
3 
d 200- 

P 
n 

I5 loo- 

0-  
loot i 

- [cH,]'. + CEO 

[CH&=O]*' 
0 

A -l+. 
G k C H  

0- 

C l  

[CH,=C=O]+ 
0 

i '  

1-129 
c=b 

m 
shift which converts [:C=O-CH,]+' (d) into 
[CH,=C=O]+' (a). The calculated energy of rn rela- 
tive to d gives a barrier of 93 kJ mol-' for this rear- 
rangement. It should be noted that this energy is close 
to the dissociation energy for d + CO + [CH,]+' 
(111 kJmol-'), consistent with the long C---C and 
C---0 distances in rn. Our calculations show that both 
a and d can dissociate to give CO and [CH,]" without 
reverse activation energy, a result which for a is in 
accord with the experimental observation that at 
threshold the dissociation occurs with zero kinetic 
energy release.'618 We note in this respect also that 
[CH,=C=O]]" (a), upon distortion to C, symmetry 
(from C&), can lead to ground state [CH,]" (,A,) and 
need not go to [CHJ'(211) as has been suggested 
recently.,l Our calculated dissociation energy for a + 
CO+ [CH,]" of 370 kJ mol-' may be compared with 
an experimental value of 399 kJ mol-' based on the 
heats of formation (AH,') of 885, -114 and 
1398 kJ mol-' for [CH,==C==O]'* (a),? C=037 and 

tThe reported heat of formation37 for [CH,=C==O]+' of 
871 kJmol-' has been adjusted in line with recent redetermina- 
t i o n ~ ~ . ~ ~  of the heat of formation of k e t e r ~ e . ~ ~  

Figure 5. Schematic potential energy profile showing the rela- 
tive stabilities of [CH,--C--ol'' (a)  and [ :C==H,I+ '  (d). 

[CH2]+',37 respectively. The resulting potential energy 
profile (Fig. 5 )  illustrates the existence of d in a 
potential energy well of moderate depth. 

Finally, we have also considered the rearrangement 
of the hydroxyvinylidene radical cation, e, to the more 
stable ethynol radical cation, b. The transition struc- 
ture for the 1,Zhydrogen shift, n, is calculated to lie 

l+. 
H. 

n 
136kJmol-' higher than e at the HF/3-21G level. 
Our best calculations, however, show that this energy 
is substantially reduced, yielding a barrier for e + b of 
only 35 kJmol-' (see Fig. 3). The rearrangement of 
e + b may be compared with the related vinylidene + 
acetylene isomerisation (CH,=C: + CH=CH), for 
which it was found that the relatively small barrier 
calculated at the MP3/6-31G* level (29 kJ mol-' after 
zero-point correction) reduces to near-zero when de- 
termined at still higher levels of theory.& 

CONCLUSIONS 

The following conclusions emerge from this study. 
(i) The global minimum on the [GH,O]+' poten- 

tial energy surface is the ketene radical cation 

(ii) Three additional [GH,O]+' isomers are pre- 
dicted to be stable, observable ion species. 
These are the ethynol radical cation (b), the 
oxirene radical cation (c) and a structure 
[:C=O-CH2]+. (d) which resembles a complex 
of CO with [CH,]". The calculated energies are 
189, 257 and 259 kJ mol-', respectively, above 
that of the ketene radical cation (a). 

(iii) The hydroxyvinylidene radical cation (e), lying 
376 kJ mol-' above a, requires little energy for 
rearrangement to the ethynol radical cation (b), 
and is unlikely to be observable. 

(a). 
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(iv) The formylmethylene radical cation (f> is unsta- 
ble, and may rearrange with little or no barrier 
to a or c. 

(v) Both [CH,=C=O]+'(a) and [:C=O- 
CH,]+'(d) may dissociate to CO and [CHJ' 
without reverse activation energy. Acknowledgement 

(vi) Finally, we note that the neutral parents of ions 

mentally and the ions will therefore have to be 

generated in an indirect manner via fragmenta- 
tion and/or rearrangement of suitable precursor 
ions, or via ion/molecule reactions. 

b, c and d have not yet been prepared experi- The award of an A.N.U. Vacation Scholarship (to P.M.W.G.) is 
gratefully acknowledged. 
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