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Unique features of doubly-charged stable organic ions are examined and the 
results correlated with experimental observations. Self-consistent field 
molecular orbital methods are used to compute structures and stabilities of 
CnH~ § (n = 2-9) ions which are prominent in electron impact ionization of 
hydrocarbon molecules. A simple curve crossing model is employed to 
rationalize charge transfer reactions of these ions. 
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1. Introduction 

Atomic doubly-charged ions are produced in high temperature plasmas and both 
spectroscopic and collisional properties of these atomic ions have been deter- 
mined [1, 2], but comparatively little is known about long-lived states of doubly- 
charged molecular ions. These molecular M 2+ ions are produced by electron 
impact ionization although their presence is obscured in most cases by singly- 
charged fragment ( M / 2 )  § ions which possess the same mass-to-charge ratio. 
Singly- and doubly-charged ions of the same role cannot be separated from one 
another by conventional electrostatic/magnetic analysis. However, the technique 
of doubly-charged ion mass spectrometry [3] has been developed as an analytical 
technique to remove singly-charged ions from spectra so that doubly-charged 
ions can be observed exclusively. 
In this method all singly- and doubly-charged ions produced by electron impact 
in an ion source are fully accelerated into a collision chamber where doubly- 
charged ions undergo single electron transfer reactions 

M~+(fast)+N(slow) My(fast)  +~ --> + N (slow). (1) 
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+ 
Velocities of fast Mp product ions from this reaction are identical to those of 
the respective keV M E+ reactant ions. Ions are energy analyzed in an electrostatic 
sector adjusted to transmit only fast singly-charged My product ions into magnetic 
sector for momentum analysis. These fast product ions appear at a nominal mass 
M* given by (Mp/e)e/(Mr/2e) which unambiguously identifies both reactant 
and product ions of interaction (1). Ions of the type C,H 2+ (n -- 2 to 9) have 
been found to be the most abundant doubly-charged ion species formed in 
electron impact ionization of hydrocarbon molecules [3-5]. Stable doubly- 
charged ions have also been observed in charge stripping experiments in which 
electrons are removed from singly-charged ions during collisions with neutral 
target molecules [6]. The purpose of the present investigation is to examine the 
rather unusual structural, energetic and dynamical properties of these C~H~ + 
ions using SCF-MO techniques and to correlate these properties with recent 
experimental observations. 

2. Methods 

We have employed the semi-empirical self-consistent field molecular orbital 
MNDO method developed by Dewar and co-workers [7-10] to describe doubly 
charged C,H22+ ions. This method has been used successfully to obtain geometry 
optimized minimum energy structures for a large number of hydrocarbon 
molecules in a reasonably accurate and computationally efficient manner. Calcu- 
lated heats of formation for several hundred hydrocarbon species are within 
-0.3 eV of experimental values. Bond distances and angles are reproduced 
accurately for both neutral and ionic [7-10] hydrocarbons using this semi- 
empirical approach. 

Minimum energy geometry optimized ionic structures have been determined using 
the Davidon-Fletcher-Powell method [11]. Energies for various dissociation 
pathways have been computed for C,H 2+ (n =2-9) ions by computing the 
geometry optimized, minimum energy of each system at different extensions of a 
particular bond. Transition state structures, located at the top of barriers for 
individual dissociation pathways, have also been obtained with the MNDO 
method. The MNDO potential energy surfaces for ground and transition state 
structures have been used to compute the respective vibrational frequencies. 
These frequencies have been calculated from force constants obtained by 
diagonalizing the Hessian matrix, which is composed of second derivatives of 
the energy with respect to displacements of all pairs of atoms around their 
geometry-optimized equilibrium positions. The accuracy of computed frequencies 
using the semi-empirical SCF method is surprisingly good when compared with 
experimental data and/or frequencies determined from ab initio calculations at 
the HF/6-31G* level [12, 13]. 

Spontaneous unimolecular dissociations have been computed for CnH22+ ions 
using the RRKM theory [ 14]. Frequencies of ground and transition state structures 
obtained from MNDO computations have been used in the method of Hase and 
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Bunker [15] to determine C.H~ + unimolecular dissociation lifetimes as a function 
of ion internal energy. 

3. Discussion 

Potential energy curves computed for these C,H~ + ions are rather unique since 
they possess decomposition barriers several eV higher than asymptotic dissoci- 
ation energies. General features, characteristic of these potential energy curves, 
are illustrated in Fig. 1 for C2H~ + which is a typical system. The lowest energy 
decomposition pathway leading to HC~ + H + products follows a Coulomb repul- 
sive potential curve at large separation distances. The C2H~ + ion energy (eV), 
relative to ground state CzH2 molecules, is displayed as a function of [HC2...HI 2+ 
separation distance (•). Dissociation products are indicated by the horizontal 
line at infinite separation distance. The insert illustrates the potential energy curve 
over a more limited range of separation distance near the barrier maximum. The 
barrier maximum is 3.4 eV above the potential well minimum. 

Bond lengths for geometry optimized minimum energy structures of the type 
Cn H~ + and their respective transition states leading to singly-charged decomposi- 
tion products are given in Table 1. All ground state ions and transition state 

O 2+ structures are linear. Ground states f C2H2 , C4H~ + and C6H~ + ions are triplets, 
while ground states of  all other ions are singlets. Dissociative [HC, . . .H]  2+ 
transition states possess larger terminal Cn- I - -C ,  bond lengths than correspond- 
ing bond lengths of ground state ion structures. The remaining C- -C  bond length 
changes display an alternating increase-decrease pattern when comparing transi- 
tion state with ground state geometries. Energy differences between ground state 
CnH~ + (n = 2 to 9) ions and their dissociative [HC, . . .H]  2+ and [HCm.. "C,_,,H] 2+ 
transition states are presented in Table 2. Energy differences are relatively large 
and range from 3.44 to 8.24 eV. These potential wells have sufficiently high barriers 

Fig. 1. Potential energy curve for dissoci- 
ation of C2H~ + into HCC + and  H + products.  
The insert illustrates potential energy vari- 
ation for separation distances less than 5 ]~ 
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Table 2. Energy differences (eV) between ground state C, H22+ ions and their dissociative [HCn.-.H] z+, 
[HCm...C . . . .  H] 2+ transition states, excess energies (eV) above the transition state needed for 
dissociation in 8-15 i, seconds and the total energies (eV) above the ground state needed for dissoci- 
ation 

Ion Transition state 

Total energy 
E (Transition Excess energy for required for 
state) - E  dissociation in dissociation in 
(Ground state ion) 8-15 ixseconds 8-15 ~seconds 

C2H22+(T) [HC2"" 'H] 2+ 3.437 - -  - -  
C3H2+(S) [HCB'"H] 2+ 4.208 0-0.004 4.21-4.212 
C4H2+(T) [HC4...H] 2+ 4.894 0.26-0.28 5.15-5.17 
C5H22+(S) [HCs...HI 2+ 5.380 0.61-0.66 5.99-6.04 
C6H22+(T) [HC6-..H] 2+ 5.846 1.08-1.17 6.93-7.02 

[HC3" 'C3H] 2+ 6.484 1.30-1.41 7.78-7.89 

C7H2+(S) [HC7" 'H] 2+ 6.181 1.73-1.82 7.91-8.00 
[HC4"" "C3H] 2+ 7.638 1.82-1.99 9.46-9.63 
[HCs"" 'C2H] 2+ 8.238 1.78-1.91 10.02-10.15 

C8H2+(S) [HCs"" "H] 2+ 6.632 2.60-2.73 9.23-9.36 
[HCs""C3H] z+ 5.079 1.71-1.82 6.79-6.90 

C9H2+(S) [HCg"--H] 2+ 6.764 2.93-3.10 9.69-9.86 
[HCs""C4H] 2+ 7.712 3.42-3.56 11.13-11.27 
[HC6"" 'C3H] 2+ 6.615 2.12-2.25 8.74-8.86 

to enable C,H 2+ ions to survive even though they may possess internal excitation 
energy in excess of asymptotic dissociation limits. Thus, it is not surprising that 
these stable CnH2 z+ ions, formed by 100 eV electron impact ionization-fragmenta- 
tion of hydrocarbon molecules, are abundant in the doubly-charged ion mass 
spectra of organic molecules. 

Although stable ions of the type C,H~ + have been found to be ubiquitous in 
doubly-charged ion mass spectra, a recent investigation [16] has shown that a 
small fraction of the total number of C,H 2+ ions undergo spontaneous uni- 
molecular dissociation 8-15 Ixs after formation. This latter observation indicates 
C,H~ + ions are formed with internal energy distributions extending above the 
respective barriers to dissociation. In order to examine the dependence of 
spontaneous dissociation processes of these ions with excess internal energy we 
have employed the RRKM approach with input frequencies from MNDO compu- 
tations of ground state and saddle point structures. 

Vibrational frequencies have been determined from force constants obtained by 
diagonalizing the Hessian matrix composed of second derivatives of energy with 
respect to displacements of all pairs of atoms around their geometry-optimized 
equilibrium positions. It has been shown [17-19] that ab initio calculations of 
molecular vibrational frequencies at the HF/6-31G* level of theory result in 
frequencies that are slightly larger than experimental values. Scaling procedures 
[17-19] have been used to bring theoretical frequencies into line with experiment. 
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A uniform scale factor of 0.89 was chosen [19] from the ratio {hG(0i)experi- 
ment}/{Ur from HF/6-31G* theory}, where hG(0i) is the measured 0~  1 energy 
difference of the ith vibrational mode of frequency u~. This value of the scaling 
factor was determined from comparisons of 165 frequencies of first-row molecules 
and has been used with success to predict vibrational frequencies of other 
molecules and ions [19]. Similar comparison of hG(0i) experimental values with 
MNDO computed frequencies has led us [13] to adopt a uniform scaling factor 
of 0.91. Scaled vibrational frequencies calculated for both ground state C,H~ + 
ions and transition state structures associated with lower energy decomposition 
channels are presented in Table 3. Degenerate frequencies are denoted by a 
superscript a. Each transition state possesses one vibrational frequency less than 
the corresponding ground state since the force constant matrix for the transition 
state contains one negative eigenvalue associated with motion along the reaction 
coordinate. It is noticed that the magnitudes of several transition state bending 
modes are reduced while stretching modes are generally increased in transition 
state structures. Similar frequency shifts between ground state and saddle point 
transition state structures have been noted by Hase and Wolf [20] in their analysis 
of C2H dissociation. 

Unimolecular RRKM dissociation lifetimes for [HC,. . .H] 2§ deprotonation chan- 
nels of individual ions are presented graphically in Fig. 2 as a function of excess 
energy (eV) above individual dissociation maxima. As the molecular weight is 
increased, successively more internal energy is required to achieve dissociation 
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Table 3. Calculated vibrational frequencies of ground state C.H 2+ ions and dissociative [HC~...H] 2+, 
[HCm'"C~_mH] 2+ transition states 

Ion Frequencies (cm -1) 

C2H2§ 
[HC:"  'H] 2+ 

C3H~+(S) 
[HC3...H] 2+ 

C4H22+(T) 
[HC4...H] 2+ 

C5H2+(S) 
[HCs-..H] 2+ 

C6H22+(T) 

[HC6...H] 2+ 
[HC3-..C3H] 2+ 

C~H~+(S) 

[HC7...H] 2+ 

[HC4-..C3H] 2+ 

[HCs" 'C2H] 2+ 

C8H2~+(S) 

[HCs...H] 2+ 

[HCs-..C3H] 2+ 

C9H2+(S) 

[HCg...H] 2+ 

[HCs.-. CaH] 2+ 

[HC6-..C3H] 2+ 

2891, 2831, 1511, 721 ~, 678 ~ 
2032, 1496, 576% 268 ~ 

2997, 2988, 1982, 1273, 916 a, 896% 460 ~ 
3122, 2014, 1272, 9068, 488 a, 222 ~ 

3055, 3042, 2098, 1482, 953,777 a, 773 ~, 561 ~, 262 ~ 
3153, 2032, 1474, 955, 734 a, 545 ~, 294 ~, 168 a 

3112, 3111, 2087, 1989, 1539, 889 a, 887 a, 792, 704 ~, 434, 415, 230, 180 
3204, 2112, 2004, 1513, 877 ~, 798, 698 a, 439 ~, 224 a, 141 a 

3137, 3129, 2137, 1791, 1643, 1240, 798, 797 a, 790, 661,634, 626, 516, 491, 
306, 296, 260, 125 
3213, 2081, 1760, 1633, 1233, 765 a, 665, 616 a, 501 a, 315 a, 185 a, 110 a 
3163, 3156, 2014, 1566, 1259, 1246, 907, 904, 885, 621,468, 460, 427, 401, 
273, 105, 93, 51 

3174, 3173, 2114, 2085, 1953, 1658, 1112, 880% 879 a, 721 a, 624 a, 580, 419 a, 
242, 238, 108, 95 
3248, 2145, 2100, 1970, 1608, 1117, 866 ~, 708 ~, 616 ~, 584, 417 ~, 254 a, 146 ~, 
83 ~ 
3193, 3163, 2016, 1874, 1650, 1249, 945, 903 a, 752, 734, 478, 467, 462 a, 
241 a, 93, 86, 44, 40 
3216, 3086, 2116, 2006, 1627, 1497, 875 a, 795, 694, 634, 433 a, 372, 328, 
196 a, 166, 68, 54, 19 

3178, 3177, 1768, 1767, 1623, 1536, 1382, 952, 890 a, 746 a, 626 a, 544 a, 486, 
460 ~, 317 ~, 177 a, 71 a 
3243, 1856, 1770, 1667, 1594, 1350, 947, 875, 785, 643, 578, 572, 536, 488, 
469, 442, 320, 305, 188, 182, 121, 117, 94, 62 
3234, 3187, 2135, 2024, 2008, 1475, 1235, 900 a, 871 a, 796, 688 ~, 447 ~, 422, 
417, 180, 165, 111, 44, 33 ~ 

3209, 3205, 2077, 1961, 1956, 1762, 1698, 1279, 884, 863 a, 863 a, 707 a, 655 ~, 
571 a, 450, 408 ~, 277 ~, 151 ~, 58 
3273, 2117, 2059, 1962, 1640, 1542, 1274, 890, 851 ~, 697 a, 646 ~, 563 ~, 449, 
404 a, 279 ~, 162 ~, 95 ~, 49 ~ 
3226, 3203, 2123, 2010, 1868, 1630, 1487, 953, 873 a, 793,747, 729, 691 ~, 
476, 463, 429 a, 237 ~, 191 ~, 65, 60, 57, 27 
3237, 3192, 2041, 2017, 1802, 1680, 1238, 1229, 900 ~, 822 ~, 669, 609 ~, 495 a, 
444 ~, 292 ~, 125 ~, 34, 28 ~, 14 

a Indicates degenerate frequencies 

within a specific lifetime range. Data displayed in Fig. 2 illustrate that dissociation 
of  excited C2H 2+ ions will be complete in less than 10 -7 S and these ions will not 
be metastable on the t*s time scale: a fact in accord with the measurements of  
Ref. [16]. Dissociative lifetimes for reaction channels involving C - - C  scissure 
processes are given in Fig. 3 for C , H ]  + (n = 6-9) ions that have been observed 
to dissociate in 8-15 Ixs. Although the excess internal energies above the dissoci- 
ation barriers required for C8,9 H2+ deprotonations are large, the excess energy 



154 

6 

-~ 5 (.9 

"1- 
r 
_w 4 

3 
0 m 

w 

I 
w 

----, i , , , , , i , , i , 

~\\ %H~+ ~ HC~ + C~H + 

HC+5+ C2H+J 1 

I I i i I i I I i I i I I 
10-9 10-7 10-5 10-9 10-r i0-~ 

LIFETIME (Seconds) 

'~\\'~ ' ' , 

\L 
\"L 

i t i i I 

iO-~ 10-7 i0-~ 

G. C. Shields and T. F. Moran 

Fig. 3. Lifetimes for dissociations of C.H~ + ions (n = 6-9) as a function of excess internal energy 
above potential energy barrier maxima 

requirements are relatively low for unimolecular dissociation processes giving 
rise to CsH + and C6 H+ product ions from CsH~ § and C9H~ + respectively. These 
latter products are the most abundant ions found [16] in the unimolecular 
(8-15 txs) dissociation spectra of C,H~ + (n = 8-9) ions. In general, the data in 
Fig. 3 show that unimolecular decomposition in 8 to 15 txs requires C,H 2+ (6-9) 
ions to be formed with excess energy several eV above the barrier maxima given 
in Table 2. 

Single electron transfer reactions of CnH~ + ions occur readily with a wide variety 
of target molecules and the analytical application of doubly-charged ion mass 
spectrometry takes advantage of this property. In order to gain insight into these 
reactions we have employed a diabatic curve crossing model [21] which has been 
used previously to describe single electron transfer reactions of doubly-charged 
atomic ions [22]. We have chosen the reaction 

C2H~+(fast) + C2H2(sIow ) --) C2H~-(fast) + C2H~-(slow) + AE (2) 

involving acetylene as a model system for detailed study. Energetics for charge 
transfer reactions in the acetylene system are illustrated in Fig. 4 where the 
C2H2+_> + + C2H2/C2H2oC2H2 "half-reactions" are presented. Electron transfer 
processes involving keV ions occur in time periods short compared to nuclear 
motion and as a first approximation the Franck-Condon principle applies [23]. 
Descending vertical lines denote ionic recombination energies; the energies 
liberated when a single electron combines with C2H 2+ to form C2H~- products. 
Recombination energies have been obtained from SCF-MO computations by 
determining the energy difference between C2H 2+ and C2H~- ions, "frozen" in 
the configuration of the geometry optimized minimum energy C2H~ + reactant 
ion. The solid curve at the right side of Fig. 4 illustrates the Franck-Condon 
ionization envelope obtained from the photoelectron spectrum [24] of C2H2 target 
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Fig. 4. Energetics of single electron transfer processes 
involving HC2H 2+ ions. Energies liberated in the 
HC2HZ*'~ HC2 H+ process are given by descending vertical 
lines. The Frar_ck-Condon envelope for ionization of 
acetylene target gas is represented by the photoelectron 
spectrum taken from the work of Kimura et al [24] 

>- 

DE 8 
DJ 
Z 
Ld 

T -So 
HCzH z+ 

H ( zH + 

HCzH + 

molecules. The long range interaction energy of C2H~ + doubly-charged ions 
approaching neutral target molecules is approximated by ion-dipole and ion- 
induced dipole terms of the form 

V = ~ - ~ c o s 0  Z 2 e 2 a ( C 2 H 2 )  
R 2R 4 , (3) 

where e is the electronic charge,/~ is the dipole moment of the target molecule, 
R is the ion-molecule separation distance, 0 is the orientation angle of  the dipole 
with respect to R, and a is the polarizability of  the C2Hz target molecule, The 
d ipo le  moment of  C2H2 is zero, so that the first term in Eq. (3) vanishes in this 
particular reaction. The leading terms in the interaction potential which describes 
singly-charged C2H~ product species are Coulombic repulsive and ion-induced 
dipole attractive potentials of the form suggested by Kamber et al. [22] 

e 2 e 2 
g = ~ ~ 4  [ 0 / ( C 2 H ~ )  -[- o / ( C 2 H ~ - ) ]  - A E ,  ( 4 )  

R z ~  

where a is the polarizability of  C2H~- product ions computed by the methods of 
[25, 26] and AE is the energy defect of reaction (2). These approximate potential 
energy curves for incoming reactants and outgoing products of single electron 
transfer are displayed in Fig. 5. Product ion interactions are shown for the 
calculated Franck-Condon neutralization of  CzH~ + reactant ions to form ground 
state C2H~'(IIu) ions, whereas C2Hz target molecules may ionize to form either 
IIu, •g, or Zu product ion states. Possible + + (C2H2 + C2H2 ) product channel curves 
are labelled IIu - II , ,  IIu - Eg, and II ,  - E, .  Each curve terminates at the respective 
C2H~ ionic state represented on the right side of the figure by the photoelectron 
spectrum of  [24]. As indicated in this figure, diabatic transitions between the 

4- Z 
reactant channel and the exothermic C2H2 (Flu) + C2H~-(~IIu) product channel are 
possible at an ion-molecule separation distance of approximately 2.5 .~. This 
2.5 A ion-molecule separation is consistent with the "reaction window" proposed 
by Smith et al. [27] to exist between 2 and 6 ,~ where large rate coefficients were 
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Fig. 5. Potential energy curves for HCCHZ+(T)+ 
HCCH(So) interactions as a function of ion- 
molecule separation distance. Single electron trans- 
fer product channels which lead to various states of 
HCCH + -  HCCH + product systems are designated 
by the curves labeled H u -E~, [I u -Eg and II u -Flu 

observed  for  e lec t ron  t ransfer  react ions  o f  d o u b l y - c h a r g e d  a tomic  ions with 
neut ra l  targets .  

Curve crossings at s imi lar  sepa ra t ion  d is tances  are expec ted  in genera l  for  
{CnH2++ (molecule)}  in terac t ions  involving different  reac tan t  ion -molecu le  sys- 
tems. Polar izabi l i t i es  and  reac t ion  energy defects  largely cont ro l  curve crossings,  
R e c o m b i n a t i o n  energies  for  C . H ~ + o C n H ~  - F r a n c k - C o n d o n  " h a l f  r eac t ions"  
d i sp l ayed  in Table  4 decrease  in magn i tude  f rom 17.6 eV to 11.6 eV as n increases  
f rom 2 to 9. P roduc t  curves are shif ted to more  posi t ive values  o f  AE as 
r e c o m b i n a t i o n  energies  are decreased ,  resul t ing in r e a c t a n t / p r o d u c t  curve cross- 
ings at la rger  dis tances .  However ,  this t rend  is c o m p e n s a t e d  pa r t i a l ly  by  p roduc t  
CnH~ ion  po la r i zab i l i t y  values  shown in Table  4 which  increase  by  an o rde r  o f  
magn i tude  as n changes  f rom 2 to 9. Larger  ion  polar izabi l i t i es  t end  to lower  
p roduc t  curves and  shift  crossing po in ts  to smal le r  dis tances.  I t  is to be no ted  
tha t  r e c o m b i n a t i o n  energies  assoc ia ted  with C . H  2+ ions are larger  than  typica l  

Table 4. Electron-ion recombination energies (RE) ofC.H22+ ions 
and product CnH ~- ion polarizablities a 

C,H~- polarizabilities 
n CnH~ + R.E. (eV) ~ (10-24cm 3) 

2 17.62 3.205 
3 15.12 4.745 
4 15.21 7.543 
5 13.48 10.103 
6 13.77 14.324 
7 12.41 17.834 
8 12.50 24.445 
9 11.65 27.975 

a Determined for ions formed in vertical Franck-Condon C,H 2+ 
C,H~- transitions 
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hydrocarbon ionization potentials and single electron transfer reactions involving 
a wide range of target molecules are all exothermic. 

Although curve crossings to produce C2H~(17Iu) products in Fig. 4 fall within the 
proposed "reaction window", this 2.5 ,~ separation distance is sufficiently small 
to question the general use of long range potentials (Eqs. 3, 4) to describe these 
ion-molecule reactions. In order to examine these interactions in greater detail, 
we have employed the SCF-MO treatment to determine the energies of C4 H2+ 

pseudo-molecular complexes formed from collisions of C2H 2+ with C2H2 target 
molecules at specified orientations. The results of these computations are pre- 
sented in Fig. 6 where the interaction energies of (C2H2++ C2H2) reactant com- 
plexes are given as a function of ion-molecule separation distance for the three 
geometric approaches considered below: 

H 2+ 

H 2+ H C H H 2+ 
HCCH . . . . . .  C C . . . . . .  C C . . . . . .  C 

C C H C . . . . . .  C 
H H H H 

1 2 3 

Interaction potential curves were obtained by incrementing the ion-molecule 
separation distance and calculating the energy for the system. The lowest energy 
configuration was computed for geometry 3, and as shown in Fig. 6 this interaction 
potential intersects the product channel curve at a centre-of-mass separation 
distance of 2.8/~. The potential curve for the perpendicular collision system 1 
does not cross the C2H~-(rI,, ) +C2H2(II . )  product curve and is not expected to 
yield C2H~ (H.)  products efficiently in single electron transfer reactions. In an 
extension of the SCF-MO computational model, the colliding ion-molecule pair 

Fig. 6. Interaction potential energies for three orienta- 
tions of the HCCH2+ + HCCH colliding pair. Curves for 
the three different ion-molecule configurations (1, 2 and 
3) are given as solid curves extrapolated to HCCH2++ 
HCCH at large distances. The single electron transfer 
product curve is labeled by the HCCH+(II)+ 
HCCH+(IJ) designation 

2 2+ 
0~-I/ / ~  C2H 2 (So)+ C2H2(So 

z t-.~y ~ c 2 . 2 ( n )  + c2.;l~ 

~_ ,,~ ~~ '"" 
-I0 ~ I i ~ i i I 

0 5 I0 oo DISTANCE (~,) 
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was allowed to relax to the minimum energy C4H 2+ ion complex formed from 
the initial reactant configuration. The three geometry optimized structures are 
indicated below and are denoted by primes: 

1' 2' 3' 

Energies of these geometry optimized structures are denoted in Fig. 6 by 1', 2', 
and 3'. The offset parallel (2) and parallel (3) ion-molecule approaches produce 
geometry optimized systems (2' and 3') of similar energies but vastly different 
structures. While the 2' structure has a nearly linear carbon chain, the 3' ion- 
molecule system minimizes to a twisted cyclic structure expected for the cyclo- 
butadiene dictation. Such rearrangements are not expected for interaction times 
appropriate to keV C,H2 2+ ion reactions with the result that long range forces 
(Eqs. 2, 3) generally control curve crossing points. 

4. Conclusion 

Structures, stabilities and reactivities of C,H~ + ions have been examined. These 
ionic species are linear and exist in deep potential wells with high dissociation 
barriers. Single electron transfer reactions involving these doubly-charged ions 
occur with a wide variety of target molecules and these reactions have been 
interpreted by invoking diabatic transitions between reactant and product poten- 
tial energy curves at moderately large separation distances. 
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