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Abstract: The ground-state potential surfaces of five aliphatic radical cations are investigated using a spin-
pairing model. It is shown that the ground-state surface of an n-atomic system supports several stationary
points (minima and transition states, including second-order ones). In addition, there are numerous nuclear
configurations at which the ground state is electronically degenerate. The electronic degeneracies due to
interactions between atoms bound to the same atom are either 2-fold (conical intersections) or 3-fold
degenerate but not of a higher dimension. Each 3-fold degeneracy is accompanied by an even number of
conical intersections (four or two). A systematic procedure for locating all of these nuclear configurations
(that are in fact 3n — 8 or 3n — 11 dimensional hypersurfaces) is described. The model allows for the
gualitative determination of the structure and charge distribution of the system at all of the stationary points
and electronic degeneracies. Quantum chemical calculations confirm the predictions of the model, which
is used to direct and facilitate the calculations.

I. Introduction Coulomb-explosion imaging experimehtare also consistent
) ] ) ) with this interpretation.

Alkane radical cations are of fundamental importance in the  gy,ctyres of larger saturated radical cations have also been
complex chemistry of interstellar clouds, and of considerable probed by ESR spectroscopy? A clear tendency favoring a
theoretical interest._ Having several minima on the grou”d'Stateground-state species with a single elongated CC bond emerges
surface, they provide a simple example of a charge-transfer .o m these data.
reaction, in which the charge moves across the molecular y/arigys theoretical methods were used to study the nature
structure. A general method for analyzing the ground-state of the |ow-lying conformers of methane and other alkane radical
potential surface of reacting systems was presented elsewhere,.4tions (see ref 9 for a recent compilation). The case of meth-
with an emphasis on the spin-repairing during the reaction. In gna+ has been studied theoretically in great deit® All in
this paper, the general method discussed in ref 1 is applied tog)|, the following symmetry species are found on the ground-
this specific family of molecules. state surface: 6 equivalent speciesOaf (?B1) symmetry, 12

The properties of aliphatic radical cations have been examinedof Cs (?A") symmetry, 3D, (?A1) species, and four each 6§,
by several spectroscopic methods, revealing a number of ground{2A;) andCs, (?E) symmetry. (There is a complementary set of
state isomers. The methane radical cation was the most extensuch structures arising from the enantiomeric structure of CH
sively studied species. It was realized early on that the ground which is completely equivaleft It is separated from the first
state of this molecule has a “fluxional” character, making it by a relatively high barrier.) Th€s, (?A1) species has a single
difficult to fully characterize the consequences of the Jahn long bond and three equivalent short ones, while@ae(’E)
Teller distortion. Experimental ESR spectra are consistent with
a ground state having six equivaleGi, symmetry species () "l D Vager 23, crem.Pstosn o gt o
rapidly interconvert vi&Cstype transition statesThis charac- 3591. ' . ,
terization was fully confirmed by high-resolution optical SPEEtra (3] Tormama: k.. Okavais. 0. Niamc. K. Chom. Phcios ot 300,
that allow the measurement of the tunnel splitting of the low (8) Toriyama, K.; Okazaki, OAppl. Magn. Resorl994 7, 495.

. . . . . 9) Fokin, A. A.; Schreiner, P. RChem. Re. 2002 102 1551.
lying vibrational levels. An upper limit of 10 ps was established (10) coulson, C. A.; Strauss, H. Proc. R. Soc. A1962 269, 443.
for the tunneling rate. The rotational structure as deduced from 83 (g)iggd d%n'-\lp'eml,'r\;’_h%i':‘:%g'r?_oj_;lé%p|e, 3. A Houk, K. N Pratt, D. W.
PFI-ZEKE spectroscopyis consistent with theC,, structure. J. Am. Chem. S0d.985 107, 7696. (b) Pople, Jnt. J. Mass Spectrom.

lon Phys.1976 19, 89.
(13) Reeves, M. S.; Davidson, E. R.Chem. Phys1991 95, 6551.

(1) Zilberg, S.; Haas, YJ. Phys. Chem. Ain press. (14) Meyer, W.J. Chem. Phys1973 58, 1017.
(2) (a) Knight, L. B.; Steadman, J.; Feller, D.; Davidson, EJRAmM. Chem. (15) Katriel, J.; Davidson, E. RChem. Phys. Lettl98Q 76, 259.
Soc.1984 106, 3700. (b) Knight, L. B., Jr.; King, G. M.; Petty, J. T.; (16) (a) Frey, R. F.; Davidson, E. R. Chem. Phys1988 88, 1755. (b) Frey,
Matsushitya, M.; Momose, T.; Shida, J. Chem. Phys1995 103 3377. R. F.; Davidson, E. R. IiAdv. Mol. Electronic Struct. TheoryDunning,
(3) Signorell, R.; Markt, FFaraday Discuss200Q 115, 205. T. H., Jr., Ed.; 1990; Vol. 1, p 213.
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species has a single short bond and three long ones. Frey anather is a phase-inverting route (with an “antiaromatic” transition
Davidsorit®>16analyzed the system and showed that it conforms state). The latter is found to have a lower barrier.

with the Longuet-Higgins (LH) theoreni? The phase of the

electronic wave function is preserved when transported through

a complete loop formed by th€,, structures around th€s,
(°A1) species, while the loop around tii&, (°E) degenerate

species inverts the sign, in agreement with the LH theorem.

All of these predictions were supported by experimental work,
particularly the recent high-resolution study of ref 3.

1. Theoretical Background

The basic assumption of the method (for more complete
information, see ref 1) is that minima on the ground-state
potential surface may be found by considering the spin-pairing
of valence electrons. It is assumed, in the spirit of thekél
approximatior?* that the energy of the system is minimized if

Analysis of the methane radical cation is helped by the high the chemical bond between two neighboring atoms is strength-

symmetry. Some of the larger radical cations are of lower
symmetry, making a simple Jahiteller analysis inapplicable.

A method that does not require the use of nuclear symmetry

arguments is highly desirable.
Extensivecomputationalanalyses were performed also for

the ethane radical catidfi-22 Work on the propane radical

cation is also availabl& In the case of the higher alkanes,

computational data are available, but a comprehensive theoreticaf

approach does not seem to exist.

ened. The central role of the two-electron bond, recognized by
Lewis 2 is the basis for the use of Lewis structures to depict
chemical compounds.

lonization removes one of the valence electrons. Because in

the systems considered in this paper all valence electrons are

paired in single bonds, the resulting cation has one carbon atom
bonded by seven electrons to its neighbors. This leads to a four-
tate systefnand to a triple degeneracy. It is shown that this
riply degenerate state can be used as a starting point for the
description of the whole ground-state landscape of the ion,

The computa_tional studies demonstrate the power of mo_demincluding conical intersections, minima, and transition states.
quantum chemical theory: many of the results were obtained oy of these structures can be reached from a 3-fold degeneracy

before any experimental information was available. However,

by a monotonically declining trajectory along an appropriate

they were largely ad-hoc studies, requiring a separate treatmenqgrdinate.

for each system. For instance, both methane and neopentane The five radical cations discussed in this paper may be
have a tetrahedral structure. The minimum energy structures Ofcontemplated as being formed by successively substituting the

the radical cations derived from them are quite different: six
equivalentCy, (2B;) minima are found in the case of meth-
ane', while for neopentang, the four minima haves, (A1)
symmetry.

The goal of this paper is to offer a basis for a unified

H atoms of methane by methyl groups around a central carbon
atom. In methane, all valence electrons are located +HC
single bonds. In higher alkanes, they may be either-iHr

in C—C bonds. Removal of a single electron from one of the
bonds can lead initially to severahsic structuresn which the

understanding of the properties of alkane radical cations. It is positive charge is localized on one of the bonds. For an alkane
shown that in all systems studied, 3-fold degenerate points existof the structure §H,n+», there are 8 + 1 basic structures: in

on the ground electronic state potential surfacdependent of
spatial nuclear symmetryrhe origin of these degeneracies is
clarified: they arise naturally from a four-state model and the

n — 1 of them the charge is on a CC bond, while im 2 2
structures it is on a CH bond. Because of the lower ionization
potential of a carbon atom as compared to a hydrogen atom,

permutational symmetry of the seven valence electrons bondingthe CC-centered ions are expected to be energetically more
a carbon atom to its neighboring atoms. Motions along certain stabilized than the CH-based ions. Another important factor is
nuclear coordinates reduce the order of the degeneracy, leadingtabilization, due an allyl-type resonance, between two neigh-
to conical intersections (2-fold degenerate levels) and to boring CH or CC bond&® The spin-paired structures (shown
nondegenerate structures on the ground-state surface. Nucleaschematically in Figure 1 for the case of propdhere used

symmetry plays no role in this model, which applies to all
aliphatic radical cations.

as the basis functions to set up the Hamiltonian matrix of the
system as a {8+ 1) x (3n + 1) matrix.

In general, there are several minima on the ground-state || anchors and Matrices

potential. The barriers between these minima are smalCfor
and C, systems (methane and ethane) and largeCfo(n >

3). In the latter systems, thermally activated charge-transfer
reactions can take place on the ground-state potential surface

An interesting result is the fact that for ti& (n > 3) systems,

the charge-transfer reaction connecting two minima can take
place along two nonequivalent routes. One of them is a phase-

preserving route (with an “aromatic” transition state), and the

(17) Longuet-Higgins, H. CProc. R. Soc. London, Ser. ¥975 344, 147.

(18) Bouma, W. J.; Poppinger, D.; Radom, lkr. J. Chem.1983 23, 21.

(19) Belville, D. J.; Bauld, N. LJ. Am. Chem. S0d.982 104, 5700.

(20) Reichartz, A.; Buenker, R. J.; Peyerimhoff, S.@hem. Phys1978 28,
305.

(21) Cederbaum, L. S.; Domcke, W.; Schirmer, J.; von Nissen, W.; Diercksen,
G. H. F.; Craemer, W. Rl. Chem. Phys1978 69, 1591.

(22) Joffe, A.; Shaik, SJ. Chem. Soc., Perkin Trans.1®93 1406.

(23) (a) Lunell, S.; Feller, D.; Davidson, E. Rheor. Chim. Actal99Q 77,
111. (b) Zuilhof, H.; Dinnocenzo, J. P.; Reddy, A. C.; ShaikJSPhys.
Chem.1996 100 15774.

For the purpose of this paper, it is convenient to discuss
molecules as an assembly of atoms that are bound by two spin-
paired electrons. Different spin-pairing arrangements are termed
anchors, and a chemical reaction is defined as a change of the
spin-pairing schent39. Any system having four or more
atoms can have 3-fold electronic degeneracies at a particular
nuclear configuration, in which all four anchors are isoenergetic
— these are, by definition, four-state systeh#g. other nuclear
geometries, only three, two, or none of the anchors are

(24) Hickel, E.Z. Phys.1931, 70, 204.

(25) Lewis, G. N.J. Am. Chem. S0d.916 38, 762.

(26) Salem, LElectrons in Chemical Reactions: First Principjé¥iley: New
York, 1982.

(27) The “3+ 1" and “2+ 2" distortions lead, in addition to ground-state species,
also to electronically excited states. In this paper, the properties of the
excited states were not discussed.

(28) Zilberg, S.; Haas, YEur. J. Chem1999 5, 1755.

(29) Zilberg, S.; Haas, YAdv. Chem. Phys2002 124, 433.
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Figure 1. The 10 anchors of proparie They differ by the spin pairing of the electrons that form the bonds.

isoenergetic. These possibilities can be checked systematically coordinates. For each of these options, diagonalization of the 2

leading to other significant points on the ground-state potential
surface.

An effective way of doing this is to start at the geometry
where all four anchors are isoenergetic. One type of distortion
away from this point keeps three of the anchors isoenergetic,
causing the secular matrix to be divided into«33 and 1x 1
matrices. There are four possible coordinates for these 13
distortions. At the nuclear configurationpR¥ in which, say,
the three anchors P, R, and S are equivalent, the resulting 3
3 Hamiltonian submatrix has the form 111.1.

A-E B B
B A-E B (n.1)
B B A-E

(plHIppl = [BelHIpg= [g/HI@s= A (111.2)

As shown in ref 1, the off-diagonal elements are equal at this
point:

(PpH|pr= [dplHIpsL= [PrIHIp=B - (111.3)
The 3 x 3 matrix can be diagonalized, leading to a doubly

degenerate state whose energy is-A and a nondegenerate
state with energy A+ 2B.! Thus, at this geometry, the system

x 2 matrix leads to four states whose energies dre-8', A’

+ B, A" — B", and A’ + B". The only further distortion
possibility is a case of no interaction between any of the anchors,
in which case the four anchors lie in separate local minima.

This scenario points to a method for finding the coordinates
that lead to critical “points” (minima, transition states, degenera-
cies) on the ground-state potential surface.

For a tetrahedral carbon atom substituted by four different
moieties, these coordinates are determined by the different
possible subdivisions of the basicxd4 matrix into submatri-
ces: four possible three-way partitions which lead to four “3
+ 17 coordinates, and three possible two-way partitions,
involving, in general, three different “2- 2” coordinates. In
the case at hand, where there are only two different substituents
(H atom and a methyl group), the following coordinates are to
be considered.

First, we consider the “3+ 1" coordinates— changing the
distances between the central atom and the others in a way that
keeps three anchors isoenergetic: (1) for methane and neopen-
tane, one coordinate type that leads to four equivalent structures;
(2) for ethane and isobutane, two coordinate types, one of which
leads to three equivalent structures, the other to two equivalent
alternatives; and (3) for propane, two coordinate types, each
leading to two equivalent alternatives.

Second, we consider the three “2 2" coordinates—

may have a degenerate electronic ground state and two electronighanging the distances between the central atom and the others

excited states for each of the possible 43 1" distortion
coordinates.
Another type of distortion away from the 3-fold degeneracy

in a way that keeps two pairs of substituents isoenergetic: (1)
for methane and neopentane, one coordinate type that leads to
three equivalent structures; (2) for ethane and isobutane, one

point keeps only two of the anchors isoenergetic, causing the coordinate type that leads to three equivalent strucutres; and

secular matrix to be divided into a2 2 submatrix and two 1
x 1 matrices. There are three possible “2 2” distortion

(30) For a discussion of anchors, see refs 28 and 29. Anchors are most easily,

visualized as valence bond species, in which all possible structures of a
given spin pairing arrangement are included. In particular, it includes both
covalent and ionic structures. An anchor may have a minimum, but quite
often a minimum is obtained only if a combination of several anchors is
constructed (e.g., benzene). See also: Coulson, A/dlence 2nd ed.;
Oxford University Press: London, 1961; Chapter 5.

1812 J. AM. CHEM. SOC. = VOL. 125, NO. 7, 2003

(3) for propane, two coordinate types, one of which leads to
two equivalent alternatives.

IV. Analysis of Individual Molecules

IVa. General Considerations.In this section, the methods
described above are applied to analyze the ground-state potential
surface of the five aliphatic radical cations. Using the 3-fold
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Scheme 1. A Schematic Representation of the Procedure Used @) 4. +1 4. 1 4. 1 4. 1

To Locate Electronic Degeneracies and Critical Points on the

Ground-State Potential Surface of Alkane Radical Cations? /< /< %< /<
LI PR S 3 2 3 2 3 2 3 2
— I 11 1 v

Omnginal four anchors :;:'— N
al the iso-energy 2

nuclear configuration 3:: - 3+1 distortion Me\ + _Me Me.\ Me Me.\ Me Meuj— Me
— LY Y S G
Py
! 4 Me Me e Me e Me e Me

¥, = 399 Wy, Rfa Cak S { -1 }
- Wy 2, Figure 2. (a) The four anchors of metharie (b) The four anchors of
\ 242 distortion neopentane (out of 16 possible) used in the model.
- - - - - one W,) is a nondegenerate state obtained by the in-phase
Yy W s WYy WY combination of the three, the other, 2-fold degenerate, is obtained
(A phase preserving triad) (A phase inverting triad) by Out-Of-phase Combinations.
_ — S (Rl DRI NI
2—fold Wy, —
H ks k! k2! 2 3
The original four anchors at the nuclear { 21114 - lIIZ - IIJS}
2o g ali { thet spective i J—
conmiguration ol therr respechive mirmimia lpz IIIB

a Starting with the diabatic basis set of four isoenergetic anchors, whose
wave functions ar&/y, W, W3, andW,, diagonalization of the Hamiltonian III+ = (lpl - lPz) + (lpl - 11}3) + (lpl - IIJ4) =
matrix leads to a nondegenerate excited state and a 3-fold degenerate ground Y, - Y, -y, — P

w " i ; i _ 1 2 3 4

state. A “3+ 1" distortion (see text), marked in blue, leads to two ground
state species (shown) and two excited states (not shown). One of the ground-
state species is nondegenerate; the other, formed by the same distortionThe two degenerate wave functions are chosen to be orthogonal.
going in the opposite direction, is a conical intersection. A different The “2 + 2” distortions also remove the degeneracy of the

distortion, the “2+ 2” one, converts the 3-fold degenerate state to a pair of 3-fold stat ieldi h of th . ibl f ti
nondegenerate states of the ty@u-or—phase This can be done in three -lold stale, yielding eac 0. € SIX possible wave luncuons
ways, leading to six ground-state species. The wave function of each of (On the ground-state potential surface) that are out-of-phase
these species is an out-of-phase combination of two of the original basis combinations of the original anchors:

functions. Three of them can form a phase-preserving triad (see text); the
other three form a phase-inverting triad. The latter can be obtained from _ . . .
the conical intersection by an appropriate distortion. The phase-preservinglpoutfof*phase_ W, -y W, -y W, -,

triad can be combined to form the nondegene¥iate The lowest line shows 1112 — IIIB; lIIZ — III4; lII3 — III4

the original four basis wave functions: any two of the S#ut-of—phase

wave functions having one basis wave function in common can be combined . . . . . .

to yield that wave function back. The global minimum is either one of the The six resulting functions may be divided into two triads. One

basis anchors or the species represente®’ Q- of-phase consists of three wave functions having a common faciér (
) . . _in this case). In the second triad, the common factor does not
degenerate state as a starting point, we obtained SPeCieSppear at all. Inspection shows tHE. is formed by the in-

generated by “3+ 1" and "2 + 2" distortions. . phase combination of the first triad afh_roq is formed by
In all cases, four basic anchors, obtained by placing the o out-of-phase combination of the latter triad.
positive charge on a bond connecting the central carbon atom Finally, proper combinations of twoPou.

to one of its four nearest neighbors, are considered. Theses,nctions recover the original anchd#s.

structures have equal energies at certain nuclear geometries.

Let us denote the electronic wave functions of the anchors at

this point byW; (i = 1—4). The general procedure is shown in

Scheme 1. _ quantum chemical computations, carried out using the Gaussian
Diagonalization of the 4« 4 matrix leads to a nondegenerate program suité?

excited s_tate, constructed from the in-phase combination of the” |/, Highly Symmetric Systems: CHs*+ and C(CHa)s™*.

four basic'Wi's, and a 3-fold degenerate ground state (see ref The wwo neutral molecules are tetrahedral around the central

1). The wave functions of these states may be written as linear .5rhon atom. The four basic spin-paired structures of Gkh

combinations of those of the original anchors (neglecting \yhich the charge is localized on one CH bond, are shown in

normalization) as Figure 2a. The analogous structures of C§LH are shown in

of—phase Wave

Scheme 1 will be the basis for the analysis of all individual
radical cations.
The qualitative discussion is illustrated and supported by

Figure 2b.
YW, -, -, 9
lps—fold = qjl - IPZ + lpg - IP4 (31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
SRS | SR\ SRR\ /) A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
1 2 3 4

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

) = R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

lp'”_Phase W+ W+ ¥+ ¥, Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

i J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;

Curled brackets denote wave functlons of degenerate states. The Gomperts. R Martin. R. L.: Fox. D. J.- Keith T.. AlLaham. M. A.. Peng.
three degenerate wave functions chosen are orthogonal. C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
“« " g ; _ Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

The "3+ 1 d'Stortlc_mS remove the 3-fold degeneracy, and M.; Replogle, E. S.; Pople, J. ASaussian 98revision B; Gaussian, Inc.:
each of them results in two ground-state species (Scheme 1):  Pittsburgh, PA, 1999.
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These four structures are isoenergetic at the tetrahedral
geometry of the FranckCondon region. The resulting triply

basis of the discussion in ref 1. Obviously, they are also obtained
by standard group-theoretical treatment of Thegroup. They
span a four-dimensional reducible representalignof the Ty
group, which decomposes into two irreducible representations
(irreps):

rn—:‘d = T2 + Al

The case of the methane radical cation was analyzed in
detail10-16 results obtained by our model agree with previous

(@
degenerate state and nondegenerate state are expected on the

IR

+ /
Hy H;
e
Hj Hy \
+ %\4 / 3-fold degeneracy

2nd order
transition state

Double degeneracy
(conical intersection)

-
3+1 Distortion

work.

The four “3+ 1” distortions (t distortion) are energetically
equivalent in this case, leading each to two pairs of states of ®)
Cs, symmetry. As Figure 3 shows, in the case of £H
distorting leftward, this results in three short CH bonds and one 9 Q
long one; going right, three long CH bonds and one short bond
result. A long bond indicates the (partial or complete) removal a(ws+wa)-bV+¥s) (A)
of a binding electron from a bond. \

— %

In the more stable structure (i.e., on the ground state), the X \< *
Hal Hi 4+
- C
Ls/ \H;| - >

— %

a(V+¥) —b(V3tVe) (Ay)

positive charge tends to dwell on the elongated bond(s). In the
excited states, the situation is reversedhe charge tends to
localize on the short bonds. In addition, the valence angle
between bonds that carry the charge tends to be smaller than

the tetrahedral angle~109.5), due to the reduced repulsion
between the valence electrons. These two features will be used 9 Q
to analyze the computed geometries. Therefore, in the left-hand

V-V, (By) V-V, (B))

pair, the nondegenerate state is the ground state, and in the right-
hand pair, the doubly degenerate species is on the ground state.
Because there are four possible 431" distinct distortions,

four ground-state species are expected. An analogous situation
holds for C(CH)4 ™. Figure 3. (a) The effect of distorting the 3-fold degenerate structure of

Figure 3b shows the effect of one of the three 422" methané&” along one of the “3+ 1” coordinates. On the left, the resulting

; ; ; ; = ; nondegenerate ground-state species has one long bond and three short bonds,
distortions (e type inTy), agaln exemplified in the case of with the charge localized on the long bond. It correspondE tmf Scheme
methane’. Because of the high symmetry of the molecule, the 1 on the right, the ground-state species is a conical intersection, with three

left-going and the right-going distortions lead to equivalent long bonds and one short bond (correspondin@Ftoiq of Scheme 1).
structures. The resulting ground-st@e structures (whose wave The curved lines (here and in the following figures) indicate the bonds

. among which the positive charge is distributed. (b) The effect of distorting
functions areélou-—ot-phase0f Scheme 1) have two longer bonds the 3-fold degenerate structure of metttanalong one of the “2+ 2"

(on which the charge lies) and two shorter ones, which are coordinates. In this case, the left-going distortion has the same effect as
essentially not charged. As shown in the figure, for each ground- the right-going one, due to symmetry. The ground state formed is an out-
state minimum, there are three nondegenerate electronic state<-Phase combination of two of the original anCho#&i-of-pnase SCheme

. . . . . . 1). Two electronically excited states are also formed by this distortion; in
Consider the right-hand side, in which the charge is located on ¢, symmetry, their wave functions transform as the B, and A irreps.
the CH1 and CH2 bonds (these bonds definexhglane). The See text for further details.
electronic wave function of the ground state in this case
transforms as the Brrep of theCy, group. It is represented to  “2 + 2” distortions lead to 10 ground-state species, 4 of which
a good approximation by the out-of-phase combinatjan— haveCs, symmetry, and 6 of which hav@,, symmetry. In the
2. In the first excited state, the_ gharge is located on the tWo ¢gge of methang, the sixCs, species turn out to be minima on
shorter bonds (CH3 and CH4); it is represented by the out-of- yhe ground state, and ti@, species are second-order transition

phase cgmbinatioyzg — 14 (Bzirrep). The third state is another  giates This is due to the extra stabilization of the allyl-type
electronically excited one, whose wave function is constructed structures shown in Figure 3b

from in-phase combinationsp{ + v, and s + y4) of the S
basic functions (transforming as the #vep). Distortion in the In the case of neopentarigthe situation is reversed the
opposite direction leads to an analogous situation, except thatCs, SPecies lie in minima, due to the preferential location of
the ground-state function is nows — w4 (B2) and the first the positive charge on a CC bond. There areGixtransition
excited state transforms ag.Bhe second excited state is again SPecies connecting them. It follows that the fact that in meth-
constructed from in-phase combinations of the basic functions. ane* six equivalent ground-state minima are found, while in
In all, the three possible “2+ 2" distortions lead to six neopentarié only four are found, is a reflection of the chance
equivalent structures on the ground-state surface, labeled as |-l stabilization due to the nature of the CC and CH bonds. The
I-11, 1-1v, -1, -1V, and -1V, Together, the “3 + 1" and basic physics of the two problems are the same.
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Geometry optimized for
ground state with charge
located at CH3H4

Geometry optimized for
ground state with charge
located at CH H,

2+2 Distortion
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Figure 4. A comparison of the qualitative predictions of the model (left)

with the computed results (right) for methaheElongated bonds and angles 2 7 L F 52 7 Ky 2 7—
3 6 3 ‘6 3 6

smaller than the tetrahedral one indicate the location of the positive charge
(here and in the following figures). X X X1

7—.\'6 o 17—6

1
N
vl VIII

Figure 6. The seven basic anchors of ethdne
The wave functions of the transition states between any two symmetric radical cations. Likewise, instead of the 1313

of the six ground states of methaheare obtained by linear  matrix of isobutane, the simpler 4x 4 matrix is used.
combinations of their wave functions. For instance, the wave  There are two possible “3- 1” distortions: one leads to a
function of the transition state between I-1l and II-lll may be  |engthening of the CC bond in one direction and to its shortening
written as|lI-1ll O— [I-I10= [2II-I-1Il L] The structure of this  in the opposite direction. The other leads to a species having a
transition state is therefore @s symmetry: it has one long  long CH bond on the ground state (Figure 7a,b, using isobu-
CH bond, two medium bonds, and one short bond. This was tane* for presentation).
the computational result of refs 15 and 16. Here it is obtained  Both result, in principle, in a nondegenerate state and a 2-fold
directly from the model. degenerate state (cf. Scheme 1). The species having a longer
Figure 4 compares the qualitative predictions of the model CC bond is on the ground state; due to symmetry, this results
with ab initio calculations for metharie It is seen that the  In @Dsa (*A1g) structure. The species with the shorter CC bond
structure’s 3-fold degeneracy, the conical intersection, and the S @ doubly degenerate ground state. Analogous distortions hold
transition states are all found to agree with the predictions. The for the ethane radical cation (not shown).

same good agreement is obtained for neopentane, as seen from '€ “2 + 2" distortion leads to two species in which the
Figure 5. positive charge is localized on a CCC group or on a CCH group.

Fi h th Its f h Fi h
IVe. Three-Way Systems: C(H)CHs™* (Ethane™) and igure 8a shows the results for ethanend Figure 8b shows

. . the analogous case of isobutane
CH(CH3)s** (Isobutane™). The tetrahedral cations derived from g

h d be di di  the Jah The energy considerations outlined above for methane!d
methane and neopentane may be discussed in terms of the Jahn 54 for the analysis of etharie The presence of a CC bond
Teller theorem (the “3+ 1” distortion is equivalent to ayt

) ) . -~ o - strongly affects the energy balance, because the positive charge
distortion, and the "2+ 2 distortion is equivalent to an €  tengs to concentrate there. Motion along one of the twe-*3
distortion). In the less symmetric radical cations, such group- 1» distorting coordinates leads to a charge-centered CC bond
theoretical-based considerations do not apply. The seven basigy p,, (2A) symmetry, which is a global minimum. The other
structures of ethaneare shown in Figure 6. An analysis using |eads to a charge-centered CH bond, analogous to that of
the whole 7x 7 matrix can be carried out, but it turns out that methane". This turns out to be a high-energy species that does
the results are the same as those obtained by the smalle¥ 4 not form a minimum. An out-of-phase combination of two such
matrix, using one of the carbon atoms as the central atom. Thus,species forms &42A") structure (as shown in Figure 9) that
the four-state idea works just the same as in the tetrahedrallylies in a local minimum. A third energy minimum is due to an
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Figure 8. The results of the “2+ 2" distortions in the cases of ethahe
(a) and isobutang (b). In both cases, the species in which the charge is

single CC bond (going left) leads to a stable minimum on the ground state. located near CC bonds are more stable than those in which the charge is
In the other direction, a conical intersection is obtained. (b) Putting a charge Situated on CH bonds. Only the lower of the two excited states formed by
on a CH bond should lead, in principle, to a ground-state species. In practice, this distortion is shown; the other is analogous to thestate shown for
some charge is spread over the three CC bonds, and a second-order transitiomethane (Figure 3b).

state is obtained (see text).

in-phase combination of two resonance-stabilized structures

formed by the “2+ 2” distortion shown in Figure 8. Figure 10
shows how two such structures combine to formCa,

1 4 1 4 1 4

L
37— 6

A\ VI V-VI

(“diborane-type?? ground-state species. The charge is mostly Figure 9. The expected structure of ethahen a high-energy local
on the CC bond, but it stretches somewhat to two CH bonds on minimum.
the two carbon atoms. Note that the angles between the charge-

carrying bonds are expected to be smaller than the tetrahedral / A

angle.

. o - H
Figure 11 compares the qualitative predictions of the model H

with ab initio calculations for etharte The energy difference
between the “diborane” and thigsyg (2Ag) Symmetry species is

H
/H

C —/_'_7/C
H

Figure 10. A scheme showing how a combination of two species whose
wave functions ar@Vou—or—phase(see Scheme 1) leads to the formation of

//C_CH3 + H3

very small. Physically, both may represent a single, very shallow a “diborane” structure of etharte

potential surface in which one CC bond is stretched.

The two types of conical intersections expected from the to the case of metharie The second is a phase-preserving

model are indeed confirmed by the calculations. In oGg, (
(°E) type), three CH bonds are stretched, a Jareller case.
In the other Cs ((A'/2A"") type), two CH bonds and one CC
bond share the charge.

In the case of isobutane there are three CC bonds that can
accept the charge. This leads to th@&d?A’) minima, in which

transition state@s (2A’) symmetry) in which the two electrons
of the CH bond participate (see the discussion of progane

Two types of conical intersections are found, as predicted
by the two “3+ 1” distortions. One ha€s, (?E) symmetry and
is enclosed in a loop formed by the three phase-inverting
reactions converting one minimum to the other via@¢?A'")

charge is localized on a CC bond, that dominate the ground transition states. A secondary conical intersectn(A'/?A"))
state of this ion. Minima in which charge is also located on CH is enclosed in a loop consisting of two of these anchors. The
bonds (partially or totally) are expected to be higher in energy. loop is formed by two different reactions connecting t®e

There are two types of transition states betweenGhéA’)
minima. The first is aCs (A") state, formed by the out-of-
phase combinations of tw@s (2A’) species. This is analogous

1816 J. AM. CHEM. SOC. = VOL. 125, NO. 7, 2003

(3A") minima: one reaction is via the phase-invertig(2A'")
transition state, and the other is via thg(?A’) phase-preserving
state (cf. the discussion of propanhdor further details).
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Figure 12 compares the structures qualitatively anticipated Me=5 3-fold degeneracy Me " Me
by the model with ab initio calculations for isobutaheThe Me
numerical results nicely confirm the model’s predictions. Figure 12. A comparison of the qualitative predictions of the model, using
IVd. Two-Fold System: The Propane Radical CationAs four basic anchors (left), with the computed results (right) for isobutane

in the case of other molecules having a CC bond, the
stabilization of the CC-bond charge-centered species is domi-charge-centered species is expected to lie at much higher
nant. Therefore, to a first approximation, the smallex 44 energies and may not represent a minimum. As shown in Figure
matrix can be used to deduce the properties of the system. 14, two “2 + 2 distortions of the 3-fold degenerate state are
Note that the highest geometric symmetry of the propane possible in this case. One leads to a CCC charge-centered
radical cation can b&,,, a group that has no degenerate irrep. species that is recognized as the out-of-phase combination of
Therefore, the predicted triply degenerate species resulting fromthe two Cs (*A’) minima (Figure 15). It serves as a transition
the diagonalization of the 4 4 matrix must consist of three  State for the out-of-phase reaction converting one species to the
electronic states transforming accordingliferentirreps. This other.
result is indeed confirmed by computations. The second “2+ 2" distorting coordinate leads to CCH
Two “3 + 1” distortions are possible: in the first, the unique charge-centered species. This species does not sustain a
bond is a CC bond, and in the second, it is a CH bond (Figure minimum at any nuclear configuration. Its presence is implied
13). The first leads to two stable ground-state minima, in one by a structure in which the charge is distributed among the three
direction, and to a conical intersection in the other. The second carbon atoms and one hydrogen atom, due to its interaction with
“3 + 1" distortion leads to a high-energy species with a long the two CC charge-carrying anchors (see Figure 16); there are
CH bond (two different possibilities) in one direction and to a two possible ways to do so, one for each methylenic hydrogen
conical intersection in the other. All of these structures lie at a atom.The resulting species is another transition state between

higher energy than th&s structure formed by the former “& two G (?A’) minima. It is an in-phase combination of the
1” distortion. two, in which the electrons forming the CH bond partici-
Only two major minima are expected in this casehe two pate. Its energy is expected to be higher than that of the out-

electromers in which charge is localized on one of the CC bonds of-phase transition state, as the allyl-type resonance stabiliza-
Cs (BA’) symmetry. The “3+ 1” distortion that leads to a CH  tion is expected to be larger for CC bonds than for CH bonds.
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Figure 13. The effect of distorting the 3-fold degenerate structure of Me H Me _H
propané&™ along one of the “3+ 1” coordinates. (a) A CC bond is stretched/ 9\C —~ c Q
compressed, and the charge is localized on a single long CC bond (two HZ  “Me H \Me

different possibilities); these species are the global minima ha@ng
symmetry. (b) A CH bond is stretched/compressed. The nondegenerate
species on the ground state is not a stable minimum at any nuclear geometry
See text for details.

There is no nuclear configuration of the CCH charge-carry-
ing anchor itself that is at an energy minimum. The only
manifestation of this anchor is the stationary point in which it
participates.

Using the two anchors D and F, and the three transition states,

2+2 Distortion

Figure 14. The effect of distorting the 3-fold degenerate structure of
propane” along one of the “2+ 2" coordinates. Only the lower of the two
excited states formed by this distortion is shown; the other is analogous to
the A; state shown for methane (Figure 3b). (a) Two CC bonds are stretched/
compressed. The resulting species are transition states feyiagmmetry.

(b) A CC and a CH bond are stretched/compressed together. See text for
further discussion.

) . : H
we formed three loops. One of the two phase-inverting loops is H |3 i3
shown in Figure 17 (the other uses species-RFG as the H ;"204 s H H ”‘2‘”C4 , H
phase-preserving transition state). They encircle two equivalenti—Cj C-H - H/Ql/ 5C—H =
degeneracies by the Longuétliggins theorem. A loop formed q H q H
by combining the two species using the two phase-preserving D G
{1,23,45} {12,34,5}

transition states (Figure 18) encirclesnandegenerate £
species, which is a second-order transition state.
The implications of this unique situation, in which two

ground-state species are connected by several transition states,

Figure 15. The structure of theC;, symmetry transition state of pro-
pane' formed by the out-of-phase combination of D and G (cf. Figure 1).

H H H H
. . . 43 3 ]

are discussed in section V. N s,y ; H.z_ij "

. o _ . _PC4s . »C4s . L A M o

Figure 19 compares the qualitative predictions of the model #-c7 C—n - u-¢1 Cm - oucer 3¢-n = He g o
with ab initio calculations for proparg again indicating very - ! H ! " i Me
D G (F-D)+(F-G)

good agreement. {12,345} (sas) (15545) EDy(E

The numerical values obtained for the energies of the gy 16 The combination of three anchors (D, F, and G) of propane
calculated species for all five radical cations are collected in forming a second transition state (Gf (2A’) symmetry) between the two

Table 1. In all cases, a complete vibrational analysis was carriedmain minima. This is a phase-preserving transition state.

out. All normal modes of the minima were found to have real

frequencies. The first-order and second-order transition statessearch for a degeneracy was stopped when the energy difference
were found to have one or two imaginary frequencies, respec-between two states was less than 1 kcal/mol.

tively. Recognizing that the electronic degeneracies are in fact

- ; . .~ V. Discussion
multidimensional surfaces, we made no particular effort to obtain

their minimum energy. In several exploratory runs that were
made, it was found that then3— 8 dimensional surface was
fairly shallow in the vicinity of the values listed in the table. In
cases where several different states are involved, the numerical
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The qualitative predictions of Scheme 1, which provides a
unifying conception for the analysis of the potential surface of
all radical cations, were verified by the computed results. All
predicted electronic degeneracies were found. In particular, each
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Figure 18. Two phase-inverting loops and a phase-preserving loop formed A Pn
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The 3-fold degeneracy is encircled by these three loops. H-= = M 3-fold degeneracy
e

_3'f0|d de_generacy is surrounded by an e\_/en number of Comc‘_”ll Figure 19. A comparison of the qualitative predictions of the model for
intersections, as expected. The computational results agree withpropanet, using four basic anchors (left), with the computed results (right).
previous work when availablé:2° An important new result is

the fact that a 3-fold degeneracy is found in all five cations.
The fact that the model-inspired computer search yielded 3-fold
degeneracies in all systems suggests that the assumption
underlying the model are reasonable.

For radical cations containing three or more carbon atoms, the
species carrying the charge on a CC bond are lowest in energy.
g’hus, it is found that the propane, isobutane, and neopentane
radical cations have two, three, and four major minima,
respectively. For th&€; and C, species, allyl-type resonance

Another new feature s the fact tha_t the reac“of‘ betweef‘ two between two bonds carrying the charge becomes important. This
electromers can proceed along two different reaction coordlnatesIeadS to six minima for both methaneand ethane

|tn th(_at_ casei (t)f proge;r;]e and_ |s|o _bltJtane tr_adlcalﬁﬁgttlogst. -{: €S€  Conical intersections lie within phase-inverting lobp:2°
ranlsél |ontiaesban € (';IO nf|ca '(;'erf‘hec Itotr;ls a |_|§1e 0 ftim that can be formed by reaction coordinates connecting the
could not have been easily found without the guidance ot the it rent electromers. At least two minima are required to create

model. such loops. In the case of isobutahand neopentarig there

The main message of this paper is that the results can begye three and four minima, respectively, due to species in which
rationalized within a simple physical framework. The ground- the charge is localized on a CC bond. Three-anchor loops are
state potential surfaces of all five alkane radical cations have easily formed in this case. Propah&as only two such minima.
many features in common (Table 1). The analysis of a seven- ppase-inverting loops can be formed in this case only if charged
electron system around a single carbon atom, applied to all species in which the charge is partially localized on CH bonds
radical cations, was found to lead to both degeneracies a“dparticipate. As no minima involving a species in which a CH
stationary points on the ground potential surface. Each four- pond carries the positive charge were identified for this cation,
state system has a 3-fold degenerate state, regardless of nucleg{ phase-inverting loop must be constructed using two anchors
symmetry. All also have several 2-fold degeneracies (conical only. It was shown that this is possible because two different
intersections), obtained by a “3 1” distortion of the four  reaction channels, involving two distinct transition states,
equivalent structures. The ground-state minima, and all station-connect the two minima in this case (Figure 17). The role of
ary points, are reached from the 3-fold degenerate speciesthe charge-carrying CH species is reflected in the phase-
without a barrier. preserving transition state.

The relative stabilization of charge-carrying bonds is a key In all radical cations, the geometry of the triply degenerate
factor in determining the structures of the ground-state minima. state turns out to be similar to that of the neutral molecule. A
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Table 1. The Calculated Relative Energies of the Main Species of the Five Radical Cations (Energies in kcal/mol, with Respect to the
Minimum of Each Radical Cation)?@

species methane™* ethane™ propane™* isobutane™* neopentane™
stable minima Cov (°B1) Dsd ((A1g) Cs(?A) Cs(AY) Cav (A1)
0.0 0.0 0.0 0.0 0.0
C2h (PAg)
0.2
Cs (PA")
5.6
out-of-phase Cs((A™) Cs (A" Cov (%B2) Cs (A" Cov (%B1)
transition statés
3.0 9.3 4.7 8.2 9.7
C1(?A1)
6.1
in-phase Cs(PA") Cs (PA) Cs (PAY)
transition states
3.0 13.8 16.1
2nd order Csv (2A1) Cov (ZA;[) Csv (ZA;L)
transition state’s
11.6 13.8 16.3
conical Csv (%E) Csv (%E) Cs (A" 2A") Csv (PE) Csv (°E)
intersection$
27.0 24.1 24.0 30.1 32.6
Cs (PA"I2A") Cs CA'IPA™)
25.9 27.2
3-fold degenerate Tq (2T2) Dad (ZAlg/ZE) Cov (2A1/281/282) Cav (2A1/2E) Tq (2T2)
state
36.2 30.9 32.7 33.5 34.2

aThe level of theory was QCISD/cc-pVDZ for methahand ethane, QCISD/DZV for propang, and CISD/DZV for isobutané and neopentarie
b One normal mode has an imaginary frequerfciwo normal modes have imaginary frequencfem the case of methane propane”, and neopentarig
the two conical intersections are identical.

possible rationale is that at this geometry, the interactions between moieties bound to the central carbon atom is 3-fold.
between any two neighboring bonds are the same. This In the case of large molecules, higher degrees of degeneracies
degenerate state is reached directly by photoionization, as aare possible due to the coexistence of several noninteracting
consequence of the Franekondon effect. It is thus the initial  identical groups.

state in a photoionization experiment. The system will tend to  The energies of 3-fold degeneracies for all radical cations
distort to one of the minima and, if raised to high enough energy, were found to be of similar magnitude, 336 kcal/mol. This

to follow several dissociation routes. may be a coincidence, but it may also indicate that the energy
required to distort all cations to a triply degenerate state is such
that the charge density in all bonds is about the same.

The main results of the analysis presented in this paper are For the propane and isobutane radical cations, a unique
(1) the ground state of all five aliphatic radical cations contains finding is the fact that the charge shift reaction between two
a 3-fold electronic degeneracy; (2) the geometry of these CC charge-centered minima may follow two independent routes,
degeneracies is close to that of the neutral alkane; (3) an everhaving two different transition states. The out-of-phase state is
number of 2-fold degeneracies is found for all radical cations; of lower energy.

(4) the model predicts the qualitative structures of all radical
cations at their minimum energy configurations, transition states,
and electronic degeneracies, and these predictions are confirme
by high level quantum chemical calculations; (5) it follows that
the central 4x 4 matrix makes the major contribution to the
topology of the ground state of all radical cations; and (6) the
highest possible electronic degeneracy due to interactionsJA028820U

VI. Summary
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