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The potential energy surface of norbornane in its dicationic singlet ground state has been investigated in
detail using density functional theory along with the nonlocal hybrid and gradient-corrected Becke three-
parameter LeeYang—Parr functional (B3LYP) and the cc-pVDZ basis set. For the sake of more quantitative
insight into the chemical reactions induced by double ionization of norbornane, this study was supplemented
by a calculation of basic thermodynamic state functions coupled to a focal point analysis of energy differences
obtained using correlation treatments and basis sets of improving quality, enabling an extrapolation of these
energy differences at the CCSD(T) level in the limit of an asymptotically complete (e&Zp¥asis set. Our

results demonstrate the likelihood of an ultrafast intramolecular rearrangement of the saturated hydrocarbon

cage after a sudden removal of two electrons into a kinetically metastable five-membered egltglie-C
CH™—CHj; intermediate, prior to a Coulomb explosion integHz"=CH, and CH" fragments, which might
explain a tremendous rise of electron-impact (e, 2e) ionization cross sections at electron binding energies
around the double-ionization threshold. The first step is straightforward and strongly exothattaig €

—114.0 kcal mot?). The second step is also exothermidH,0s = —10.2 kcal mot?) but requires an activation
enthalpy AH™,9¢) of 39.7 kcal/mol. The various factors governing the structure of this intermediate, such as
electrostatic interactions, inductive effects, cyclic strains, and methylenic hyperconjugation interactions, are
discussed in detail.

I. Introduction barriers on the potential energy surface. These barriers are a
consequence of the fact that chemical bonding can be strong
Gas-phase dicatiohs’ have received considerably less at- enough to overcome the electrostatic repulsions between charge
tention, from both experimental and theoretical viewpoints, than center$:¢ Somewhat counterintuitively, two-electron ionization
has been accorded to their monocationic counterparts. This is aevents in weakly bound clusters of aromatic molecules have,
consequence of the somewhat greater difficulties inherent in for instance, been found to lead to the formation of large
studies of doubly charged versus singly charged species.kinetically metastable assembhéstightened by additional
Molecular dications are subject to sizable electrostatic strains covalent bonds. In view of the combination of high kinetic
due to intramolecular Coulomb repulsions, as well as significant stability and exceptional thermodynamic instability, many
electronic or multireference correlation effects due to the more molecular dications can be regarded as “energy-rich” or
limited energy gaps between occupied and unoccupied orbital“volcanic” systems that could represent a possible source of
levels. Clearly, their formation necessitates larger ionization propulsion energy®
energies than the formation of monocations. In the condensed  stydies of carbenium dications are especially motivated by
phase (either in solution or in the solid state), dications are the fact that these species are produced exclusively by the
stabilized by interactions with counterions, solvent molectiles, removal of electrons from bonding orbitals in the neutrals. In
or appropriate ligandsthat can accommodate the positive the absence of conjugation with- or lone-pair-donating
charges. In the gas phase, these stabilizing factors are missingsypstituents, the observed systems owe their existence to
and the majority of small molecular dications (e.g.,.€For delocalizing interactions anchored:aconjugation, hypercon-
CF*"19) are thermodynamically prone to Coulomb fragmenta- jugation, and aromaticity. Examples of experimentally known
tion processes, in order to release excessively strong electrostatiglicarbenium dications include the dications of ethyléhe,
repulsions. Very few diatomic dications are thermodynamica"y Cyc|0butadiené? norbornadiené? and pagodané§_An excep-
stable in the gas phaSén contrast, large cage compounds such tipnally stable dication is the 1,3-dehydro-5,7-adamantanediyl
as fullerenes are known to exhibit exceptional stabiliy gicatior? that exhibits three-dimensional aromaticity due to the
against charge fragmentation processes, because of their specigyyerlap of four Gy orbitals in a tetrahedral fashion.

structure and size. Multiply chargeds¢Jons can therefore be Bimolecular reactions of dications with neutral molecules are,
rather easily produced and chargctf_ent%d. o furthermore, often merely dominated by electron transfer. The
Most gas-phase molecular dications &ieetically meta- few known bond-forming reactions of molecular dicati#?&

stable>® More specifically, these molecular dications exist in  are, by and large, limited to processes with concomitant electron
long-lived states that are separated from the energy asymptotesransfer2® Fragmentation reactions of some arene dicatois

for the dissociation products by sufficiently sizable energy suggest, however, that medium-sized organic dications can react
with neutral compounds, such as acetylene, without the occur-
* Corresponding author. E-mail: michael.deleuze@uhasselt.be. rence of electron transfér.
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Figure 1. Norbornane in its neutral ground state. The nonredundant —
internal coordinates of this compound within t8g, symmetry point _“_

group (B3LYP/cc-pVDZ geometry) are as followR(C,—C;) = 1.54

A, R(C,—Cy) = 1.55 A, R(C,—Cs) = 1.56 A, R(Ci—H1) = 1.10 A,

R(C;—Hs) = 1.10 A R(C,—Hs) = 1.10 A, R(C,—H7) = 1.10 A,

0(Cs—C,—Cy) = 94.£&, 6(C,—C,—C,s) = 101.5, 6(C,—Cs—Ce) =

103.7, O(H;—C—C,) = 113.3, 6(Hz—C,—C,) = 113.8, O(Hs—Cs— J_L
Ce) = 112.8, 0(H—C,—Cs) = 111.7, 1(Hs—Cs,—Cs—Cs) = —120.9, Inner-valence
T(H7_C4_CG_C3) = 118.7. -T_L

-

The cage compound under investigation in this study is
norbornane (&H12). This molecule is a highly strained, bicyclic hv > VDlPJ_L

m

hydrocarbon exhibiting,, symmetry (Figure 1) that has proved
useful in the therapy of cardiac infarctions as well as asthma, N
bronchitis, and thrombos@$.Its molecular and electronic . . .
tructures were already studied in the 19859 The outer- Figure 2. Intramolecular Coulomb decay c_)f electronlcally_ exqted
S R y : shakeup states of norborndheat the vertical double-ionization
valence ionization spectrum of norbornane was recorded by nreshold of the neutral.

Bishof et al’! and Getzlaff and Scmihensé” by means of

ultraviolet (He 1) photoemission (UPS) spectroscopy. Bieri et | straightforward analogy with the intermolecular Coulomb
al 2 further investigated the inner valence ionization bands up gecay (ICD) mechanism, electric charges in dicationic species
to ~24 eV, using a He Il photon beam. are expected to localize on separate fragments in order to
Very recently, our group has been involved in an exhaustive minimize the extent of Coulomb repulsions. The ICD mecha-
study of the valence wave function of norbornane employing nism was proposed by Cederbaum etldor weakly bound
electron momentum spectroscopy (EMSYhe EMS spectrum  ¢jysters of molecules or noble gas atoms and has been confirmed
and related momentum distributions were found to corroborate experimentally for neon clustefd.Within a fully saturated
the available UPS measurements and 1p-GF calculationspygrocarbon cage compound such as norbornane, all chemical
employing the benchmark third-order algebraic diagrammatic ponds derive, according to a basic Lewis depiction, from the
construction scheme [ADC(3]}, *® except for a particularly  pairing of two electrons with opposite spins. In view of the
broad and intense band at 25 eV in the EMS spectrum that theimportance of cyclic strains in the cage, the most important
1p-GF/ADC(3) calculations failed to reprodu#This striking contribution of which arise from the £C,—C; bridge (Figure
discrepancy between theory and experiment has thereafter been) it is therefore natural to expect, on intuitive chemical
referred to as the “band 12 issu#’lt has led us to undertake grounds, that a double-ionization event would induce the
further ADC(3) calculations with various basis $&tand to breaking of a single €C bond. In other words, a purely
compare these to updated UPS measurerffts). H. D. Eland  glectronicintramolecular Coulomb decay mechanism is ex-
(Oxford University) employing a 256 A photon beam for pected to precede severe intramolecular rearrangements, once
binding energies of up to 40 eV. Except for a barely visible nyclear dynamics comes into play. The purpose of the present
increase of the spectral background~&26 eV that has been ok is thus to test this hypothesis by studying in detail the

ascribed to the double-ionization threshold, the agreementpotential energy surface (PES) of the dication of norbornane in
UPS data was almost perfect. Therefore, with regard to the gorn—QOppenheimer approximation, which enables us to com-
characteristic time scales of ionization processes in EMS and pte the potential energyd({Ry}), of a fixed configuration of
UPS (10*"versus 10**s, respectively), it has been suggested pyclej as the sum of the electronic energy obtained by solving
that ultrafast nuclear dynamical effects and Coulomb fragmenta- the exact electronic Schrodinger equatiifeeelec= Eeleapeleq

tion profceﬁsis I%ducezcé bx\//dougle é?vrl“sz'?‘t'o_” might be at the o at least, an approximation to it, and of the nuclear repulsion
origin of the band at 25 eV in the ionization spectrum. o, ABZaZ, _ -1

More specifically, shakeup states above the double-ionization 9y §a8ZaZelRa Rel™).
threshold are expected to decay into dissociative shakeoff state
within time scales on the order of 1 to a few tens of
femtosecondé!*2through relaxation of the excited electron into All geometry and frequency calculations presented in this
the inner-valence vacancy and auto-ionization of a secondwork were performed using the Gaussiart@uantum chem-
electron into the continuum (Figure 2). istry package. Density functional theory (DFT) was used in
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conjunction with the nonlocal hybrid and gradient-corrected MP4SDQ (second, third, and partial fourth-order Mgller-Plesset
Becke three-parameter Le¥ang—Parr functional (B3LYP}? theory, respectivef#~79 and CCSD and CCSD(T) [coupled
along with Dunning’s correlation-consistent polarized valence cluster (CC) calculations employing the coupled cluster anzats
basis set of doublé&-quality (cc-pVDZ)%6 A default pruned for single (S) and double (D) electronic excitations, supple-
integration grid with 75 radial shells per atom and 302 angular mented by a perturbative estim&ef triple (T) excitations].
points per shell was used. The convergence of the results Energy differences among the identified stationary points on
obtained with this grid was checked through comparisons with the potential energy surface were accurately evaluated by a focal
a few calculations of stationary points on the investigated poten- point analysis (FPA) similar to those carried out by Allinger et
tial energy surface, using an ultrafine pruned integration grid al.,’* Salam et al’> Kwasniewski et al’é and Huang et af’
containing 99 radial shells per atom and 590 angular points. to determine the conformational energy differences or barriers
Relaxation of the vertical doubly ionized state under the ©Of n-butanen-pentane, stilbene, and dimethoxymethane, respec-
constraints of theC,, point group was found to result into a t|V(_—:‘I_y. Th_e main feature of such an anal)_/3|s is to determine, by
second-order saddle point, referred to a§G$,). This molecular ~ Pairing different levels of theory and basis sets, how the energy
structure was thereafter systematically distorted according to differences converge to the exact solution of the Sdimger
the normal vibrational modes characterized by imaginary €quation. To be more specific, one exploits for this purpose
frequencies, until first-order saddle points or energy minima the faster convergence with respect to the basis set of the higher-
could be reached. Transition states (TSs) for proton transfersorder correlation corrections to the calculated energy differences
were similarly identified by iteratively stretching the-®& bonds N well-suited extrapolations of results of single-point calcula-
of interest via a scan of the potential energy surface, using thetions performed on the B3LYP/cc-pVDZ geometries using ab
Molden graphical interface to construct suitganatrices and ~ [nitio (HF and many-body) approaches and basis sets of im-
letting geometries relax to first-order saddle points by means Proving quality. Reliable estimations of CCSD(T) energy differ-
of the rational function optimization (RFO) methtEnlarging ~ ©€Nces in the limit of an exceedingly large basis set can then be
the bridge of theCy, structure of norbornane in its dicationic ~Made by adding almost-converged high-level correlation cor-
singlet ground state gave rise to the third-order saddle pgint S €ctions, obtained at the MP3, CCSD, and CCSD(T) levels with
(C), whose geometry was optimized using the synchronous rather limited basis sets, to lower-level HF and MP2 results
transit-guided quasi-Newton meth&d® The expectation value that are.calcullated in conjunqt|on with the largest basis se.ts,
of the  operator was found to be zero. The stability of the along with sultablt_a extrapolation prqcedures. In_the anal_y5|s,
spin-restricted wave function was also ched®éd for all the e_mployed basis sets were Dunning’s correlatlon_-con3|stent
identified stationary points through calculations of electronic Polarized valence double-, triple-, and quadrupleasis sets,

excited states using the configuration interaction approach with "@mely, cc-pvDZ, cc-pVTZ, and cc-pVQZ,incorporating a
singly excited determinants (CIS). In all cases, the wave total of 158, 378, and 745 atomic functions, respectively. These

functions were found to be electronically stable (i.e., all even-tempered basis sets enable an extrapolation of the HF/cc-
electronic excitation energies were of positive sign). In addition PYXZ (X =D, T, Q) energies to the limit of an asymptotically
to this stability test, the single-reference nature of the wave COMPIete (cc-pwZ) basis set with an exponential fit of the

function at the CCSD (coupled cluster with single and double M
excitations) levef—55 of theory was also checked according to

the T, diagnosticS® by means of the Molpro packa§éAll T,

values were found to be less than 3.0% for each of the structures )
of interest, which typically reflects limited multireference effects. @S Was suggested by Fellér® in the above equation, the

Finally, a few single-point calculations on test cases were ca&rdinal numbef equals 2, 3, and 4, when % D, T, and Q,
performed at the complete active space self-consistent field '€SPectively. The MP2/cc-pVXZ energies can be similarly

(CASSCF$8 level, using six active electrons in eight orbitals, extrapolated to the asymptotic limit of basis-set completeness
in conjunction with the cc-pVDZ basis set, in order to evaluate USINg @ three-point yer;mn [known as Schwartz 6(#?]1rr)f
the outcome of multireference effects. The weights of the main SChwartz's extrapolatiot,based on inverse powers of /),

configurations were found to be over 90%, which again justifies With | = 2, 3, and 4 when X=D, T, and Q, respectively.

E()=E, + Ae”®

a single-reference depiction for the wave function.
T ) . — B c
Harmonic vibrational frequencies and the related zero-point E()=E.,+ 14 + 16
vibrational energies (ZPVEs) were analytically calculated (l + 5) (| + E)

throughout this work, to verify whether the identified stationary

structures correspond to energy minima or to saddle points onTpe key aspect of a focal point analysis (FPA) is to determine
the pote.ntial energy surfaces.. Thermodynamic state functipnsthe basis set at which each of the successive corrections
(enthalpies, entropies, and Gibbs free energies) were obtainecyajuated by the various ab initio methods has converged within
from Boltzmann’s thermodynamic partition functiéﬁsalcu-.  a satisfactory threshold. With such a procedure, it is then
lated at the B3LYP/cc-pVDZ level at 298.15 K using the rigid  possible to extrapolate benchmark CCSD(T) results to the
rotor—harmonic oscillator (RRHO) approximation. Furthermore, asymptotically complete cc-pVZ basis set, which enables, for
natural bond orbital (NBO) analys&s®” were performed on  jnstance, a determination of conformational energy differences
all identified stationary points on the potential surface to \within an accuracy 0f-0.05 kcal/maol~77 or ionization energies
investigate charge distributions. within an accuracy 0f-0.04 eV®82

Adiabatic ionization energies were computed as energy Many thorough studies have shown that DFT, in conjunction
differences between the structurally optimized doubly ionized with standard hybrid and gradient-corrected (GGA) functionals
states and the neutral singlet ground state at the B3LYP/cc-such as B3LYP, is suited for semiquantitative calculations of
pVDZ level using various many-body treatments of electron reaction and activation energies (enthalpies), i.e., within relative
correlation on the corresponding B3LYP/cc-pVDZ geometries. accuracies of~10% for energy differenceé$:8 The B3LYP
The employed post-SCF treatments comprised MP2, MP3, andfunctional is nonetheless known to substantially underestimate
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TABLE 1: Calculations of the Vertical and Adiabatic
Double-lonization Potentials (VDIP and ADIP, Respectively)
of Norbornane Considering Various Possible Energy Minima
on the Potential Energy Surface of Norbornané® in Its
Singlet Ground State

ADIP
S C6-Min,
VDIP (Ca)° C5-Min; C5-Min, C5-Mins  (Cy
HF 27.178 24.021 19.548 19.842 20.240 19.125
MP2 25.941 23516 21.726 21.998 22.225 21.314
MP3 26.873 24.214 21.493 21.768 22.086 21.069
MP4&  26.995 24.312 21470 21.740 22.070 21.054
CCSD  26.965 24.301 21.442 21.714 22.047 21.034
CCSD(T) 26.503 23.963 21.487 21.748 22.066 21.084
B3LYP 26.218 23.813 21.163 21.338 21.891 20.648

@ Results in eV, obtained using the cc-pVDZ basis set and B3LYP/
cc-pVDZ geometries? Given for the sake of comparison, as a rough
estimate of the adiabatic double-ionization potenpabr to bond
breaking®® ¢ Fourth-order Mgller-Plesset perturbation theory, using the
space of single, double and quadruple substitutions.

energy barriers for unimolecular rearrangement reactions. As

an alternative, use was also made of the modified Perdew
Wang one-parameter model for kinetics (MPW&K for
exploring the potential energy surface of norborrfanie its
singlet ground state. This hybrid functional is characterized by
a higher fraction of HartreeFock exchange than B3LYP, which
normally helps describing the electron delocalization induced
by bond stretching in a more reliable way. MPW1K was thus
shown to provide improved energy barriéf$889but at the

expense of the quality of the geometries of saddle points. For
the sake of completeness, we were thus willing to calibrate the

two functionals from a comparison of the results of B3LYP/
cc-pvVDZ and MPW1K/cc-pVDZ calculations with benchmark
CCSD(T) and FPA data, considering both single-point calcula-
tions on B3LYP/cc-pVDZ geometries and full optimization runs
at the MPW1K/cc-pVDZ level, in order to assess the influence
of the geometry of the identified stationary points on the quality
of the computed energy differences.

Ill. Results and Discussion

1. Potential Energy Surface A. Relaxation of Doubly lonized
Norbornane to Fie-Membered Monocyclic Intermediates (C5-
Miny, x = 1—3). Adiabatic ionization energies corresponding
to the most important stationary points identified on the potential
energy surface of norbornatiein its singlet ground state are
reported in Table 1 and compared to the vertical double-
ionization potential. At the B3LYP/cc-pVDZ level, under the
constraint ofC,, symmetry, geometric relaxation of this singlet

dicationic species was found to yield a second-order saddle

point, referred to as §Cy,). This stationary point defines the
central entry on our conformational energy map displayed in
Figure 3, obtained by sketching the evolution of the potential
energyU({Rx}) of the doubly ionized molecule as a function

J. Phys. Chem. A, Vol. 111, No. 42, 20010837
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Figure 3. Sketch of the potential energy surface of norbordarie
its singlet ground state.

analysis of the NBO charge distributions (Table 3) in the S
(Cy,) species (Figure 4a), it is clear that, in this highly symmetric
but unstable structure, the charges are merely delocalized over
the outermost hydrogens {HHs, Hii, Hiz) and over the
bridgehead carbons,@nd G. Upon comparison of the total
electric charge ascribed to the carbon backbones of1(€,9
structure to that for the neutral, singl€,, structure of
norbornane (see Table 4), it also appears thaw8 or only
about one-fourth of the double positive charge is effectively
localized on the carbon backbone of the system.

A potential energy lowering of 17.43 kcal/mol (Table 2) is
observed when the,SC,,) structure is distorted and relaxed
upon the constraint of th€s symmetry plane that contains the
C and H atoms in the bridge methylenic group.(i€;, and
H,). The obtained transition state'{§Cs) in Figure 4b] is a
strongly stretched structure consisting of an ethylene molecule
(CzH4) bound via charge transfer to a five-membered cyclic
dicarbenium dication (§g?"). Indeed, the covalent bond order
of the G—Cs bond, as defined by WibeRj,was found to be
equal to 1.718. The ethylene fragment borrows a substantial
fraction of the double positive charge-Q.36), whereas an
absolute NBO charge of 1.64e remains localized on the five-
membered ring. Comparison of the NBO charges in thé)
species to those of norbornane in its neutral ground state
indicates that, in this's(Cs) species, the double positive charge
ascribed to the removal of two electrons predominantly localizes
on atoms @G and G (Table 4).

Both this observation and the almost-planar configuration of
substituents attached to atoms &hd G corroborate the idea
of an sp hybridization state and the presence of an empty C
orbital on these atoms. More specifically, the<C;—H,—C5
dihedral angle amounts to 166.The interatomic distances€

of structural distortions measured by the two vibrational modes C4 and G—Cs were found to be equal to 2.65 A, a value to

op andap that are characterized by imaginary frequencies (426i compare to the £-Cs or C;—C;7 bond lengths of 1.46 A.
and 365i ct). Compared to the vertical doubly ionized state, Clearly, symmetry lowering and bond breaking at this stage can
geometry relaxation was found at the same level (Table 2) to already lead to a localization of charges, which precedes the
release an energy of 2.41 eV or 55.57 kcal/mol. From this point, expected Coulomb fragmentation.

vibrations along the;; andg, modes and subsequent geometry
optimization under the constraints ©f symmetry point groups

In contrast to this first distortion, distorting and relaxing the
S (Cy,) structure under the constraint of the symmetry plane

enable energy relaxation (i.e., a lowering of the potential energy containing the atoms {£C,, and G enables a (potential) energy

U({Rx}) into four directions, which divide the conformational

lowering by 4.62 kcal/mol only at the B3LYP/cc-pVDZ level

energy map into four symmetry-equivalent quadrants (Figure (Table 2). A comparison of the charge distribution (Table 3) in
3). Figure 4 is equivalent to one of these quadrants. Upon the resulting species;$Cs) (Figure 4c) to that of the neutral



10838 J. Phys. Chem. A, Vol. 111, No. 42, 2007 Knippenberg et al.

TABLE 2: Energies (kcal mol™?) of the Identified Stationary Points on the Potential Energy Surface of Norbornané" in Its
Singlet Ground State Obtained with a Variety of Methods along with the cc-pVDZ Basis Set, Relative to the Elgt—CH*—CH3;
Energy Minimum (C5-Min ;)

structure B3LYP MPW1K2 MPW1KP CCSD(Ty CCSD(TY FPAac
S (Ca) 61.12 63.94 63.51 57.09 57.77 55.71
St (Cy 43.69 51.61 51.37 45.04 44.43 43.37
S (Cy 56.50 49.10 41.94 47.80 41.27 45.86
C5-Min, 0.00 0.00 0.00 0.00 0.00 0.00
C5-Min, 4.05 4.60 4.68 6.01 6.06 5.33
TSPT 6.02 5.09 5.33 5.54 6.10 4.99
C5-Ming 16.79 15.44 - 13.34 - 11.17
TSPT 18.39 14.20 - 13.29 - 12.56
TST 19.33 19.86 - 16.46 - 16.92
TSPis 41.45 49.73 49.78 40.56 40.80 41.71
S;(Cy 92.06 100.61 - 93.35 - 93.58
C6-Miny (Cy) —11.87 —11.87 —-11.77 —9.29 —9.23 —10.16
CsH7"=CH, —2.82 0.91 1.06 —9.08 —8.94 —7.77
+ CHs*

aBased on B3LYP/cc-pVDZ geometrigsBased on MPW1K/cc-pVDZ geometriesExtrapolated CCSD(T)/cc-p¥Z data; see Table 5 for
details.

C,, structure of norbornane indicates (Table 4) a rather reflected by the values found for thg-€Cs—Hg—C7 and H—
pronounced localization of charges produced by double ioniza- C3—Cs—Hg dihedral angles (176°2and—84.4, respectively),
tion on G, Hiy, and H» and, to a lesser extent, over,HH1o, from which one can infer in particular that the;€H, bond
Cs, and G. The overall pattern is therefore a localization of lies parallel to the nearby empty,Corbital. In addition,
one of the two positive charges within the most strongly departures from planarity for thesBg™ ring remain limited,
stretched and angularly distorted part of the molecule (on the which favors through-space methylenic hyperconjugation
right-hand side of Figure 4c). More specifically, the distortions teractiong? between approximately paralleHGH bonds: the
in this species amount to a stretching of the-Cs (or, through C,—C,;—C4;—Cs, C;—C4—C5—C35, C;—C3—C5—Cy, C—C1—
symmetry, G—C;) bonds from 1.63 A in the §C,,) structure Cs—Cs, and G—C;—C,—C, angles, for instance, are equal to
to 1.66 A for the in $ (Cy one, along with a decrease of the —8.2°, 19.5, —23.%, 19.C°, and—6.9°, respectively.
C;—C3—Cs angle from 93.6to 68.7. In contrast, and in line Enforcing a proton transfer (PT) between theaBid G atoms
with the decrease of the charge density in the region definedin the C5-Min species results in a second minimum referred
by the left-hand side of Figure 4c, the-€C, and G—Cs bond to as C5-Min (Figure 4e), in which an ethyl group is attached
lengths decrease from 1.67 to 1.55 A, whereas the correspondingo one of the carbocationic centers of the cycligi™ structure.
Cs—C,—C4 bond angle increases from 931 102.0. For the This structures lies 4.05 kcal/mol above the C5-Mspecies
sake of comparison, it is worth mentioning that, at the same (Table 2). In the C5-Mip structure, holes are located rather
level, norbornane in its neutral and singlet ground state is close to each other on@nd G in an almost-planar 4,2
characterized by £-C,—Cs and G—Cs—C7 bond angles that  cyclic ring [in this ring, the largest dihedral angle (€Cs—
are equal to 108% with values of 1.57 and 1.55 A for the ~Cs—C,) amounts to 5.80only]. This species is, according to
C4—Cs (Cs—C7) and G—C,4 (C,—Cs) bond lengths, respectively.  Markovnikov's rule?! more effectively stabilized than C5-Min
Upon distortion of the §(Cs) saddle point according to the by inductive effects around the tertiary carbenium atorg),(C
vibrational mode associated with the imaginary frequency (296i but at the expense of stronger electrostatic repulsions between
cm1), the G—Cg bond was found to break and to release, at the charge centers. Here also, hyperconjugation betweenthe C
the B3LYP/cc-pVDZ level, an energy of 56.50 kcal/mol (Table Hg bond and the empty £ orbital on G plays an important
2) after relaxation into the C5-Minspecies (Figure 4d). The role, as the €-C3—Cg—Hg dihedral angle amounts to 78.7
latter structure defines the global energy minimum in the series Note in particular that the Wiberg bond index 0£-€Cs and
of all identified structures with a five-membered (C5) ring, hence the corresponding bond length amount to 1.26 and 1.44 A,
its working name. After cleavage of the-€C; bond, two proton respectively. The transition state for this proton transfer i€ TS
transfers were observed during the relaxation process, the first(Figure 5) defining an energy barrier of only 1.97 kcal/mol
from C; to C; and the second from Qo C,, according to the (Table 2) relative to the C5-Mpspecies. In line with this result
atom labeling used in Figure 4d. The doubly positive charged and the endothermicity of the transformation from C5-Min
product is a @Hg" ring bearing a 1-dehydroethyl cation C5-Miny, the structure of TS was found to resemble that of
substituent (CH—CHz) in the y position relative to the charge ~ C5-Miny, in agreement with Hammond's principlieFor TS,
center in the ring. In this structure, the largest positive partial the transferred proton @iwas found to be 1.47 and 1.26 A
charges are located on the &d G carbons. This structure  from the G and G atoms, respectively. Thes€Hg and G—
and the above-mentioned energy release of 56.50 kcal/mol areHg Wiberg bond indices correspondingly amount to 0.309 and
the result of a balance between a minimization of the electro- 0.469, respectively.
static Coulomb repulsion and a maximization of stabilizing  The C5-Miy minimum (Figure 4f) was found upon distortion
effects such as hyperconjugation interactions betweetiC  of the S; (Cs) structure according to the mode associated with
bonds and empty £ orbitals, as well as inductive effects that the imaginary frequency (232i cif). This geometry relaxation
tend to favor localization of charges on carbocations bearing results in an energy lowering of 26.90 kcal/mol (Table 2). The
the maximum number of hydrogen substituents. The latter S; (Cs) structure can be described as gHg" ring bearing,
argument is consistent with Markovnikov’s rdfewhich states this time, a 2-dehydroethyl cation substituent ¢E#€H,") in
that a highly substituted carbocation is more stable than a lessthe y position relative to the charge center in the ring. In this
substituted one. Hyperconjugation interactions are directly structure, electrostatic repulsion between the charge centers is

n_
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(e) C5 — Min,
(f) C5 — Min,

-27 kcal/mol

(d) C5 — Min,

(b) $5(Cs)

-57 kecal/mol T
-17 kcal/mol

_—
-5 kcal/mol

(¢) $4(Cs)

Figure 4. B3LYP/cc-PVDZ study of a nonredundant part of the potential energy surface of norbdriaits singlet ground state. Darts provide

the atomic displacements associated with the vibrational eigenmodes characterized by imaginary frequendiesintihie symbols indicate

moderate and strong localization of the charges created by double ionization, in line with the values reported in bold in Tables 3 and 4. See Figure
5 for the transition states describing proton transfers. The reported energy variations are B3LYP/cc-pVDZ results. See text for more accurate
estimates.

clearly minimized, as the distance between then@ G atoms Despite an interdistance of 1.94 A between theahd G atoms,
is equal to 4.27 A, compared to the 3.39 A separating the C hyperconjugation between the€H, bond and the nearby
and G atoms. On the other hand, the disadvantage here lies atempty G, atomic orbital on @ is inferred from the F#—Cs—
the level of much less favorable inductive effects around a Cs—C; dihedral angle {0.2°), from the unusually low value
primary carbenium atom (g, in line with Markovnikov's rule. of 81.0° found for the G—Cs—C; bond angle, and from a
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TABLE 3: Natural Population Analysis of the Electronic Density for All Identified Stationary Points on the Potential Surface

of Norbornane?* in Its Singlet Ground State, Compared to That of the Neutral Species

C6-Miny

neutrat S, (Cz,) S1(C) Si(C) C5-Miny C5-Min, TSPPT C5-Ming TSPT TSPT TSP S3(C) (C)  CHst CsHyt*=CH
C. —0.445 —0.491 —0.591 —0.493 —0.542 —0.632 —0.593 —0.546 —0.550 —0.566 —0.571 —0.148 —0.721 0.295 —0.537
C, —0.245 —0.090 0.239-0.217 0.329 0.350 0.341 0.326 0.333 0.320 0.316.169 0.450 — 0.273
Cs —0.245 —0.090 0.239 0.000-0.357 0.435 0.146 —0.253 —0.145 —0.203 0.030—0.188 0.319 — -0.078
Cs —0.444 —0.392 —0.342 —0.470 —0.548 —0.570 —0.562 —0.555 —0.550 —0.559 —0.539 —0.387 —0.543 — —0.524
Cs —0.444 —0.392 —0.541 —0.470 —0.442 —0.540 —0.496 —0.430 —0.434 —0.440 —0.472 —0.387 —0.568 — —0.454
Cs —0.444 —0.392 —0.342 —0.332 0.310 —0.525 —0.256 —0.424 —0.413 —0.578 —0.359 —0.433 —0.568 — ~0.320
C; —0.444 —0.392 —0.541 —0.332 —0.746 —0.652 —0.672 0.037 —0.204 0.258 0.124-0.433 —0.543 — -
H, 0224 0309 0344 0333 0362 0391 0.398 0.338 0.347 0323 0.338 0.288 0.308 0235  0.368
H, 0.224 0309 0.379 0333 0.344 0411 0.367 0.379 0.372 0.384 0.372 0288 0308 0235  0.319
Hs; 0.237 0328 0313 0327 0301 0.308 0.306 0.302 0.305 0296 0.289 0.345 0.360 0235  0.273
H, 0.237 0328 0313 0352 0.376 0.399 0.377 0.34D.388 0.294 0.377 0.359 0.296 0.312
Hs 0222 0327 0262 0313 0358 0.388 0.395 0.381 0.391 0375 0.342 0.355 0.362 0.348
Hs 0.222 0327 0.356 0313 0.386 0.355 0.331 0.364 0.366 0.363 0.293 0.355 0.362 0.265
H;, 0225 0415 0258 0.325 0.278 0.364 0.323 0.289 0.296 0.288 0.2€0370 0.334 0.277
Hs 0.225 0.415 0389 0.325 0.294 0.388 0.418 0.292 0290 0.299 0.241 0.370 0.334 0.243
Ho 0.222 0.327 0262 0387 0.276 0.323 0.311 0.297 0298 0.336 0.24D.392 0.374 0.235
Hio 0.222 0.327 0.356 0.387 0.286 0.248 0.257 0.291 0.292 0.304 0.228.392 0.374 -
Hi, 0.225 0415 0258 0.461 0.378 0.292 0.309 0.286 0.311 0.267 0.230 0.315 0.380 -
Hi, 0.225 0.415 0389 0.461 0.357 0.268 0.299 0.283 0.307 0.240 0.229 0.315 0.380 -

aB3LYP/cc-pVDZ results. Bold values reflect moderate and strong localization of the charges created by double ionization, as inditated by
and+ symbols, respectively, in Figures-6, 8, and 9. Also see Figures-8, 8, and 9 for atom labeling.B3LYP/cc-pVDZ natural population

analysis of norbornane in its neutral ground-state sinQetstructure. S

TABLE 4: Charge Differences Obtained from a Natural
Population Analysis of the Electronic Density of a Few
Stationary Points on the Potential Energy Surface of Doubly
lonized Norbornane in Its Singlet Ground State Compared
to That of the Neutral in Its Singlet Ground State?

S(Ca)  Si(C)  S(C)  S(C) C6-Min (Cy
Ci —0.046 —0.146 —0.048 0.297 —0.276
C 0.155 0.484 0.028 0.076 0.695
Cs 0.155 0.484 0.245 0.057 0.564
Cs 0.052 0.102 —0.026 0.057 —0.099
Cs 0.052 —0.097 —0.026 0.057 —0.124
Cs 0.052 0.102 0.112 0.011 —0.124
G 0.052 —0.097 0.112 0.011 —0.099
Hi 0.085 0.120 0.109 0.064 0.084
H> 0.085 0.155 0.109 0.064 0.084
Hs 0.091 0.076 0.090 0.108 0.123
Ha 0.091 0.076 0.115 0.122 0.059
Hs 0.105 0.040 0.091 0.133 0.140
Hs 0.105 0.134 0.091 0.133 0.140
H7 0.190 0.033 0.100 0.145 0.109
He 0.190 0.164 0.100 0.145 0.109
Hg 0.105 0.040 0.165 0.170 0.152
Hio 0.105 0.134 0.165 0.170 0.152
Hia 0.190 0.033 0.236  0.090 0.155
Hio 0.190 0.164 0.236  0.090 0.155

aB3LYP/cc-pVDZ results.

Wiberg bond index of 0.794 for thes€H,4 bond, indicating
that this bond is partly deprived of its electron density. Thus,

ee Figure 1 for atom labeling.

of Hammond’s principle, the ethyl tail of B% is subject to
considerable angular strains. In this structure, theld;, and
Cs—H4 bond lengths and the ;£ Cs—C; bond and G—Cz—
Cs—C; torsion angles amount to 1.23 A, 1.42 A, 74.4nd
113.3, respectively. In this structure, the ,HC;—Ce¢—Cs
torsion angle remains equal t6.0’he Wiberg bond indices for
the G—Hgj, C;—H,4, and G—C; atomic pairs are correspond-
ingly equal to 0.524, 0.286, and 0.477.

The C5-Miny species transforms into the global energy
minimum form (C5-Min) among five-membered cyclic species
via the TSPT saddle-point structure of Figure 5c. The latter
species lies 2.54 kcal mol above C5-Mig and essentially
differs from it by an opening of the £-Cs—C; bond angle
from 81.0° (C5-Ming) to 111.9 (TS3PT). This opening implies
a breaking of bonding interactions due to hyperconjugation
between the €-H, bond and the empty £ atomic orbital on
C,, along with rotation of the end methylene group;,(El11,
Hi2) about the G—Cgs bond in order to minimize electrostatic
and steric repulsions: after rotation, for s#§ the G—C;
interatomic distance andi€C3;—Cs—C; torsion angle are equal
to 4.41 A and 1119 In this transition state, the migrating
hydrogen atom (k) remains closely bound togCthe G—Hg
bond length and the corresponding Wiberg index amount to 1.11
A and 0.806, respectively. In contrast, the bond index gfC
C; was found to be 1.274.

B. Charge Fragmentation of bé-Membered Monocyclic

hyperconjugation here obviously develops at the expense ofIntermediatesin the next step, dissociatio_n can occur at the
much more pronounced angular strains. All in all, this energy B3LYP/cc-pVDZ level through a heterolytic breaking of the

minimum is thus found to lie at16.8 kcal/mol above the C5-
Min; global energy minimum. From Figure 3, it is then clear
that the $ (Cy,) structure defining the central second-order
saddle point on the potential energy map will predominantly
relax into the G-min; structure, when following the steepest
energy gradients without any control on symmetry.

An additional pathway connecting the C5-Miand C5-Miry
minima could be identified via the transition state,TSwhich
coincides with a proton transfer fromy@ C; (Figure 5b). This
transition state lies 14.34 and 1.60 kcal/mol above C5;Mird
C5-Ming, respectively. It can be noticed from Figure 5b that,
as in the C5-Mig species to which it is closely related by virtue

Cs—C; bond in the GH,2"—CH,—CHs (C5-Miny) structure
(Figure 6a), giving rise to a methyl cation (gH and to a
CsH7"=CH, cation with the charge center in theposition
relative to the carbon atom bearing the methylene substituent
(Figure 6b). This depiction is in line with the charge distributions
reported in Table 3; with the relative orientation of substituents
around the g Cs, and G atoms; and with a Wiberg covalent
bond index of 1.911 for the £-Cs bond in GH7"=CH,. The
transition state for this bond breaking was first roughly identified
by studying the potential energy curve associated with a
progressive stretching of thes€C7 bond in the GHgt—CH™—

CHs (C5-Min,) species, using a step size of 0.05 A for the scan.
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Figure 6. (a) Transition state and (b) product of the radical (homolytic)
dissociation of gHg"—CH*—CHjs intermediate (the C5-Mirreference)

into CGsH;"=CH, and CH* (B3LYP/cc-pVDZ results). Darts provide

the atomic displacements associated with the vibrational eigenmodes
characterized by imaginary frequencies. Fheymbols indicate strong
localization of the charges created by double ionization, in line with
the values reported in bold in Tables 3 and 4.

1y 2+
4y C’Xw “‘-THZ
HJ:/B“ TCH;

+116.57 (+ 114.0)
kcal/mol e

Geometry relaxation
Figure 5. Transition states describing proton transfers (B3LYP/cc- under C5, symmetry

pVDZ structures). Darts provide the atomic displacements associated

with the vibrational eigenmodes characterized by imaginary frequencies. + ss.64 (+ 53.2)
The 6" and + symbols indicate moderate and strong localization of keal/mol
the charges created by double ionization, in line with the values reported

in bold in Tables 3 and 4.

. . + 39.43 (+ 39.7)
During the elongation, we observed a hydrogen transfer from  «cai/mo

Cs to Cs at Gs—C;7 bond lengths ranging from 1.68 to 1.73 A.
The elongation process was continued until an energy maximum
was clearly reached. Optimization of the structure characterizing
this maximum under the constraint of one negative curvature
led to the TS's structure displayed in Figure 6a. In this structure,
Cs—Cgs is already very close to a double bond (with a Wiberg

bond index of 1.778). A residual bond betwees &d G S+ S it ‘
remains partially preserved with a Wiberg bond index of 0.169, 0 Sh—an ]
and the bond length between these two carbon atoms amounts .. ., C“'\cuz,‘cn—cw’ \
tO 368 A I(ca|fm0| ..................................................... fCH;—-.CH:-
At the B3LYP/cc-pVDZ level, the activation enthalpy for c"\-;|f\C*fH=+ o

proton tran25+fer from the 41 8+_C.H+_CH3. (C5-Miny) species Figure 7. B3LYP/cc-pVDZ (black) and extrapolated CCSD(T)/cc-
to the GH7*"—CH,—CHjs (C5-Miny) species was found to be ;w7 (red) potential energy pathways associated with relaxation of
4.58 kcal/mol (zero-point vibrational energies and thermal the vertical doubly ionized singlet ground state of norborAarmeto
corrections included), whereas the activation enthalpy for the the kinetically metastablesBls"—CH"—CHs; (C5-Min,) intermediate
subsequent fragmentation o2 —CH,—CHjz (C5-Miny) to and fragmentation of the latter intosi@;*=CH, and CH* through
CsH77=CH, + CHs" correspondingly amounted to 36.14 kcal stretching .of the €-C; qhemical bond. "The repprted values are
mol~! (see Figure 7). Provided that thermal equilibrium with Enthalpy differences relative to the C5-Mimtermediate.

the environment is reached, theHg"™—CH™—CHz and GHA"— to charge fragmentation, whereas they will be subject to rapid
CH,—CHs species will both be extremely long-lived with respect interconversions via proton transfers. Typically, according to
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transition state theor$2 using the RRHO partition functions, For comparison purposes, we would like to mention that the
the related unimolecular reaction rate constants associated atissociation of GHg™—CH™—CH; (C5-Min;) into doublet
298 K with the above barriers were estimated to be»6.70° CsH,=CH, and CH?" species requires more than 370 kcal/

and 5.2x 107 s™1, respectively. The corresponding half-lives mol at the B3LYP/cc-pVDZ level. The latter dication is a loosely
amounted to~0.10 ns and~426 years. Note that, on the bound species df,, symmetry that is characterized at the same
B3LYP/cc-pVDZ energy surface (Figure 7), theHG?*—CH,— theoretical level by €H bond lengths (bond orders) equal to
CHs (C5-Miny) species corresponds to a very shallow energy 1.65 A (0.50) and 1.16 A (1.02). This species is thus obviously
minimum. In line with the proton transfer froms@ Cs induced prone to a straightforward dissociation into £Hand H.
upon stretching of the &£-C7 bond in the C5-Min species (see  Indeed, at the B3LYP/cc-pVDZ level, the reaction energy and
above), it is thus worth mentioning that refinement (see further) energy barrier for this process amount-t400.63 and+0.88

of the potential energy surface from single-point calculations kcal/mol, respectively.

on B3LYP/cc-pVDZ geometries at the benchmark CCSD(T)/  Similarly, dissociation of the ggt—CH*—CHz (C5-Min,)

cc-pVDZ level or at an ext.rap.olated CCSD(T)/cco¥ level . intermediate into doublet [l;=CH,]2* and CH species is
(see Table 2) seems to indicate that, on the correspondingalso highly unfavorable, in light of an endothermic reaction
potential energy surfaces, theHG?*—CH,—CHs (C5-Miny) energy of more than 85 kcal/mol. Note also that, according to

species and related T3 transition would become almost iso-  our calculations, further fragmentations through deprotonation
energetic, in which case these structures would essentially of the GH;*=CH, species are energetically not at all favorable
coincide (Figure 7) with a thermodynamically insignificant as these would require more tharl00 kcal/mol ¢4 eV).

shoulder on a huge energy barrier, on the order of 41 kcal/mol, Deprotonation of other dicationic species requires similar

associated with a straightforward fragmentation gHE— energies?

CH™—CHginto CsH;"=CH, and CH". With such a scenario, Considering the energies that are involved in ionization
considering our best estimate for the activation enthalpy (ZPVEs processes, particularly for (e, 2e) experiments employing
and thermal correction_s included) and a TST value-@f4 x electron momentum spectroscopy and a kinetic energylo?
10713 s+ for the associated rate constant, thgHg —CH*— keV for the impinging electron, it is clear that, on long enough
CHs species would then be characterized by a half-life-6f time scales, as with any experiments employing mass spectros-

x 10* years at room temperature. More detailed and costly copy, the GH;7=CH, species will further decay through bond
calculations involving full geometry optimizations at the CCSD-  preaking and fragmentation. Because these processes require
(T)/cc-pVDZ level or beyond would be needed to investigate ¢onsiderable energies (100 kcal/mol or more), their time scales
the potential energy surface of norborn&neithin subchemical  certainly go beyond those encountered with electron- or photon-
accuracy AE = 0.1 kcal/mol) and discriminate which of the  jmpact ionization spectroscopies such as EMS or UPS. In other
two scenarios displayed in Figure 7 is correct. words, these pathways go beyond the scope of our article.
Regardless of the final answer to this issue, it is clear that ¢ Relaxation of Doubly lonized Norbornane to a Six-

the i_nitia_l state in the_process is very far from equilibrium, pMembered Monocyclic Species (C6-MirStarting again from
considering the potential energy ofL14 kcal/mol [CCSD(T)/ the S (C,,) structure of Figure 4a, the higher-lying third-order
cc-pVeoZ estimate] that can be converted into kinetic forms  gaqgle point $(Cy) could be obtained (Table 2, Figure 8) by
(rotatio.nal, vibrational,_ and translatiqna_l) of energy through a lengthening the €-C, bond and letting the structure relax under
relaxation of the vertically doubly ionized singlet form of  the constraint of th€s symmetry point group. Further distorting
norbornane into the kinetically metastableHg"—CH"—CHj, the S (CJ) structure along the antisymmetric mode (Figure 8c)
(C5-Miny) intermediate and subsequent dissociation of the cage g5sociated with the imaginary frequency 253iérand letting
into smaller fragments. After double ionization of norbornane, the structure relax without symmetry constraints yielded a
enough energy will thus certainly be available for overcoming structure that resembles the C5-Mistructure displayed in
all the energy barriers (see Tables 1 and 2) on the reaction,:igure 4d, with the only difference that the end ©HCH;
pathways leading to charge fragmentation of this intermediate group has undergone a rotation byLl8C° about the G—Cs
into GsH7"=CH, and CH". Because the reaction is sufficiently  pond. The obtained structure lies0.21 kcal/mol above C5-
exothermic AE = —7.8 kcal/mol and\Ho = —11.3 kcal/mol,  \Min, and, except for a minor conformational rearrangement, is
according to our best estimates; see further), this fragmentationtnys almost equivalent to the most stable structure for the
will be spontaneous and irreversible under high-vacuum condi- jgentified five-membered cyclic species (C5-Mix = 1—3).
tions. Therefore, at least one efficient and straightforward path |n contrast, distorting the above-mentionegl (8s) structure
for the fragmentation of norbornatteinto two distinct mono-  glong the symmetric vibrational modes associated with the other
cationic species has been found, which provides support for two vibrational modes (Figure 8a,b) characterized by imaginary
the scenario invoked to tentatively explain the origin of band frequencies of 268i and 658i crhresults in the breaking of
12 in the EMS ionization spectrum of norbornane (see the the G—C,—Cs bridge. In both cases, this induces an intramo-
Introduction). lecular rearrangement into the six-membered monocyclic dica-
Another likely charge dissipation pathway implies dissociation tionic species displayed in Figure 9. This species can be
of the C5-Min, intermediate into gHg™ and GH4* doublet described as a 1,4-didehydrocyclohexane dicationic ring bearing
radical cations; this reaction is indeed only slightly endothermic a methyl substituent attached to one of the carbocationic centers.
(AE = 3.87 kcal/mol) at the B3LYP/cc-pVDZ level. Other Very interestingly, this structure, referred to as C6-M(Gs)
reaction paths have been similarly tested, but at first glance, in Table 2, is located 11.87 kcal/mb&lowC5-Min;. The two
they seem less interesting from a thermodynamic viewpoint. carbenium atoms (Cand G) are both located in the six-
The C5-Min singlet dicationic species can dissociate into singlet membered ring and exhibit a relatively larger intervening
CsH,* and GHs* radical cations under a more substantial distance (2.92 A) than in the C5-Mirspecies (3.74 A). The
energy input of 23.88 kcal/mol. Also, an energy of 46.81 kcal/ increase in electrostatic repulsion between the charge centers
mol is required for dissociation of the C5-Mimlication into is thus compensated here by more favorable inductive effects
CsHg?™ and GHy in their singlet ground states. in a structure that contains one tertiary and one secondary



Fragmentation Pathways of Norbornane

Figure 8. Structure of the third-order saddle poi§§ (Cs), along
with the atomic displacements defining the three vibrational modes
characterized by imaginary frequencies of (a) 658i, (b) 268i, and (c)
253i cnt at the B3LYP/cc-pVDZ level. Thed* and + symbols

indicate moderate and strong localization of the charges created by

double ionization, in line with the values reported in bold in Tables 3
and 4.

Figure 9. B3LYP/cc-pVDZ molecular structure of the C6-MifCs)
species. Thé™ and+ symbols indicate moderate and strong localiza-
tion of the charges created by double ionization, in line with the values
reported in bold in Tables 3 and 4.

carbocation. Here also, hyperconjugation between the empty

Cyp orbital on G and the adjacent£-Hz bond should favorably
stabilize this new dicationic structure. Deprotonation of the
methyl tail of this structure was considered but found to be
energetically not at all favorablé\g = +105.7 kcal/mol). Also,
attempts to find other minima by enforcing a proton transfer

J. Phys. Chem. A, Vol. 111, No. 42, 20010843

from C; to G, failed. We believe, therefore, that this structure
can be merely regarded as a dead end in our search for suitable
routes for an immediate charge fragmentation of norborttane

in its singlet ground state.

2. Focal-Point and Thermochemical Analyses of the
Potential Energy Surface of Norbornané*. The B3LYP/cc-
pVDZ results that have been discussed so far are supplemented
in Table 2 by the results of calculations performed using the
MPW!1K functional and benchmark energy differences derived
from a focal-point analysis (FPA) of estimates obtained by
means of correlation treatments and basis sets of improving
quality (Table 5). As can be seen in Table 2, most conclusions
that have been drawn so far from calculations at a rather
qualitative level resist a more robust and quantitative analysis.
Considering the height of the computed barriers, B3LYP/cc-
pVDZ energy differences and the results of single-point
MPW1K/cc-pVDZ//B3LYP/cc-pVDZ energy calculations were
found to be overall in good agreement, within relative accuracies
on the order of 10%. The B3LYP values tend, in general, to
underestimate the MPW1K values by 50 kcal/mol, which is
consistent with former studies of intramolecular rearrangements
using these functionafé86.91.92Reoptimizing the structures of
the identified transition states at the MPW1K/cc-pVDZ level
was also generally found to have only minor effects on the
computed energy differences. All transition states and minima
are, in general, correspondingly very comparable to the B3LYP/
cc-pVDZ results, in view of both the structure and the computed
bond orders and charge distributions. One exception arises with
the § (Cy) transition state, the structure of which was found to
be extremely sensitive to the employed functional. It is a 1,5-
didehydrocyclopentane dicationic ring bearing an ethyl sub-
stituent in they position relative to the first carbocationic center
with, counterintuitively, partial positive charges that are located
quite close to each other on the; @hd G atoms. Another
difference arises with the C5-Mistructure, which corresponds
to a rather shallow and high-lying energy minimum on the
B3LYP/cc-pVDZ potential energy surface. This energy mini-
mum, as well as the related transition states for proton transfers,
could not be identified at the MPW1K/cc-pVDZ level, which
presumably reflects the importance of through-space nonbonding
interactions in this structure, which the MPW1K functional can
underestimate as a result of the high proportion of Hartree
Fock exchange. All in all and in contrast to earlier works
employing comparatively these two functionals, it appears that,
regardless of the geometry, the B3LYP/cc-pVDZ results are
most generally closer to results obtained at the CCSD(T)/cc-
pVDZ level or from a benchmark focal-point analysis (FPA).
This justifies a postiori the use of the B3LYP/cc-pVDZ approach
for computing the potential energy surface of norbordane

We now examine in detail the determination of the energies
of all identified stationary points relative to the C5-Min
structure within the confines of nonrelativistic quantum mechan-
ics, i.e., via the FPA procedure. The values reported in Table 5
asAHF entries correspond to energy differences at the HF level,
whereas the values reported -aMP2, +MP3, +CCSD, and
+CCSD(T) entries are the corrections to these differences
obtained by successively comparing the MP2 to the HF results;
the MP3 to the MP2 results; the CCSD to the MP3 results; and
finally, the CCSD(T) to the CCSD results. In each column, the
sum of the reported values up to a given row associated with a
specific theoretical model thus gives the relative energy for that
particular model chemistry.

As a main example, we consider the evaluation of the energy
of the S (C,,) species relative to the C5-Mimeference. From
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TABLE 5: Focal-Point Analysis of the Energies (in kcal moi?) of the Identified Structures Relative to the GHg™CH™—CH3;

Intermediate?

basis set (siZ§ basis set (siZg
cc-pvDZ cc-pVTZ cc-pvQZz cc-pvDZ cc-pVTZ cc-pvQz
(158) (378) (745)  cc-pwoz (158) (378) (745)  cc-pwozZ

S (Co) AHF 103.14 102.58 102.61 102%8 TST AHF 2141 20.84 20.81 20.85
—C5-Min;  +MP2 —61.87 —64.18 —64.44 —64.59 —C5-Min +MP2 -10.77 -11.25 -11.22 -11.27

+MP3 21.49 23.29 +MP3 2.89 3.22

+MP4e 2.78 +MP42 0.37

+CCSD 0.40 +CCSD 0.27

+CCSD(T) —8.85 +CCSD(T) —0.88

total 57.09 56.02 55.79 55.71 total 13.29 12.57 12.57 12.56
Si (Cy) AHF 49.50 47.62 47.32 4728 TSPT AHF 16.00 15.96 15.98 16.60
—C5-Mimy  +MP2 —2.86 —2.74 —-258 —2.58 —C5-Mim +MP2 0.99 1.18 1.33 1.35

+MP3 1.15 1.42 +MP3 0.18 0.28

+MP4e —0.51 +MP4° —-0.41

+CCSsD —0.06 +CCSsD —0.21

+CCSD(T) —2.18 +CCSD(T) —0.09

total 45.04 43.55 43.41 43.37 total 16.46 16.71 16.88 16.92
S (Cy) AHF 76.38 75.68 75.64 75.68 TSPs AHF 32.45 31.71 31.63 31.65
—C5-Mimy  +MP2 -36.44 —38.15 -—38.39 -38.5¢ —C5-Min +MP2 10.14 11.24 11.69 11.96

+MP3 10.82 11.65 +MP3 —1.34 —1.01

+MP4° 0.26 +MP4e —0.95

+CCSsD 0.97 +CCSD —0.48

+CCSD(T) —4.19 +CCSD(T) 0.74

total 47.80 46.22 45.94 45.86 total 40.56 41.25 41.62 41.71
C5-Min,  AHF 6.78 6.51 6.49 6.51 S3(Cy AHF 140.54 140.72 140.85 14093
—C5-Min;  +MP2 —0.51 -0.73 -0.88 —0.94 —C5-Mim +MP2 —54.86 —56.35 —56.41 —56.49

+MP3 0.07 0.09 +MP3 17.35 18.82

+MP4e -0.10 +MP4e 0.28

+CCSD 0.04 +CCSD —0.15

+CCSD(T) —0.27 +CCSD(T) —9.81

total 6.01 5.54 5.37 5.33 total 93.35 93.51 93.58 93.58
TSPT AHF 9.00 8.75 8.71 8. 70 C6-Mins (Cs) AHF —9.76 —9.83 —-9.83 —9.8%
—C5-Miny  +MP2 —4.55 —4.87 —-4.96 —4.98 —C5-Mim +MP2 0.26 —0.18 -0.39 —0.44

+MP3 0.89 1.07 +MP3 —0.28 —0.38

+MP4e 0.40 +MP4° 0.19

+CCSD 0.25 +CCSD 0.18

+CCSD(T) —0.45 +CCSD(T) 0.12

total 5.54 5.15 5.02 4.99 total —9.29 —-9.90 -10.11 -10.16
C5-Min;  AHF 15.95 14.37 14.33 1445 (CsH;*=CH, AHF —-17.81 —18.45 —18.51 -—18.49
—C5-Mimy  +MP2 —4.44 —5.22 -5.15 -5.28 + CH;z") +MP2 10.57 11.68 12.17 12.95

+MP3 2.16 2.33 —C5-Mim +MP3 —-1.31 —1.00

+MP4e 0.17 +MP4e —0.91

+CCSD 0.12 +CCSsD —0.48

+CCSD(T) —0.62 +CCSD(T) 0.86

total 13.34 11.15 11.18 11.17 total —9.08 —8.30 —-7.87 —7.77

a Calculations based on B3LYP/cc-pVDZ geometrig$otal number of atomic function§.Results obtained using the extrapolation suggested
by Feller’®7 dResults obtained using the extrapolation suggested by Schi¥aftEourth-order Mgller-Plesset perturbation theory, using an
excitation manifold comprising single, double, and quadruple electronic excitations.

Table 5, it is clear that, despite the importance of the corre- that the+MP3/cc-pVTZ, +MP4SDQ/cc-pVDZ,+CCSD/cc-
sponding energy difference in this case, the results obtained atpVDZ, and+CCSD(T)/cc-pVDZ corrections represent optimal
the HF level converge extremely rapidly with basis sets of estimates of results that would be obtained using larger basis
increasing size, and extrapolation to the limit of an asymptoti- sets. Despite the oscillatory behavior of these corrections, this
cally complete basis set within an accuracy~di.05 kcal/mol allows a determination of the;C,,)—C5-Min; (C1) energy

is therefore straightforward. Corrections for electronic correla- difference at the CCSD(T)/cc-p¥Z level as follows : 102.68
tion at the second-order level and, to a lesser extent, at the third-— 64.59+ 23.29+ 2.78 + 0.40 — 8.85= 55.71 kcal/mol.
order level of Mgller-Plesset perturbation theory were found Note, nonetheless, that triple excitations have a rather substantial
to be large and to converge more slowly to basis set complete-influence on the final results in this case, which is rather typical
ness. Nonetheless, a comparison of the results obtained usingf a strongly stretched structure that is thus subject to signifi-
the cc-pVTZ and cc-pVQZ basis sets as well as with the cant electron correlation effects. Note also that, in general, the
asymptotically complete cc-pvZ basis set (according to  successive correlation corrections tend to scale proportionally
Schwartz’s extrapolation procedure described in section 1) to the computed energy differences and that the influence of
indicates convergence of the MP2 energy differences within triple excitations is comparatively much more limited for energy
~0.2 kcal/mol. Because the absolute values of the successiveminima, as it should be.

correlation corrections tend to strongly decrease with the order For the sake of completeness, a thermochemical refinement
attained in perturbation theory, it can be reasonably assumedof the potential energy surface is at last provided in Table 6. In
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TABLE 6: Thermochemical Analysis of the Intramolecular Rearrangement and Fragmentation Processes Induced by Double
lonization of Norbornane, Including Differences in Electronic Energies AE); Zero-Point Vibrational Energies (AZPVE);
Enthalpies a& 0 K (AHg); and Enthalpies, Entropies, and Gibbs Free Energies at 298.15 K and 1 atnA{H 295, AS;95 and AGygs,
Respectively) Relative to the Kinetically Metastable C5-Min Intermediate?

structure AEP freq AZPVE AHO AHzgs ASzgstrans ASZQsVib ASzgsrm ASzggEIec ASzgsmt Angg
St (Cy 43.37 232i —1.26 42.11 42.12 0.000 0.451 —0.106 0.000 0.346 42.01
S (Cy) 45.86 296i 0.55 46.41 45.36 0.000 —7.357 —0.960 0.000 —8.316 47.84
C5-Ming 0.00 - 0.00 0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.00
C5-Miny 533 - —-0.91 4.42 4.57 0.000 1.279 0.001 0.000 1.280 4.19
TS,PT 4.99 483i —-1.18 3.81 3.55 0.000 —1.888 0.004 0.000 —1.884 4.11
C5-Ming 11.17 - 1.65 12.82 12.61 0.000 —-0.969 —0.222 0.000 —1.191 12.97
TSPT 12.56 234i 0.70 13.26 12.57 0.000 —4.388 —0.272 0.000 —4.660 13.96
TSPT 16.92 243i 0.44 17.36 17.06 0.000 —1.399 —0.036 0.000 —1.434 17.49
TSPis 41.71 91i —3.14 38.57 39.69 0.000 12.076 1.141 0.000 13.217 35.75
C6-Min, (Cy) —-10.16 - 0.35 —9.81 —9.80 0.000 1.987 —0.099 0.000 1.888 —10.37
CsH7"=CH, -7.77 — —3.56 —11.33 —10.20 33.562 —8.165 12.739 0.000 38.135 —21.57
+ CHg*

a2 Energies (enthalpies) and entropies given in kcalahd cal mof! K2, respectively. Imaginary frequencies (in thcharacterizing the
first-order saddle points (freq) are also listédifferences in total internal energieAE) were derived from focal-point analyses (see Table 6);
other thermochemical data were obtained by adding the B3LYP/cc-pVDZ estimates for zero-point vibrational energiaEtoaines AH, =
AE + AZPVE), thermal corrections to the entropiésHzes = AHo + AAH2gs With AAH205 = AH295 — AHzgg at the B3LYP/cc-pVDZ level), and
entropy corrections to Gibbs free energid&tos = AHz9s — TAS:0d?). ¢ Mechanical work against external pressuRd & 0.59 kcal/mol) included,
assuming ideal-gas behavior.

this table, enthalpy differences@K were calculated by adding ~ mentation of norbornafé into two distinct monocationic
(unrescaled) B3LYP/cc-pVDZ zero-point vibrational energies species, in an attempt to qualitatively explain an exceptionally
to the benchmark FPA estimates. Enthalpy differences at roomintense and highly puzzling band at electron binding energies
temperature were evaluated by adding further thermal correc-around the double-ionization threshold in the EMS ionization
tions derived from statistical thermodynamic partition functions spectrum of the neutral speci&s’® The potential surface of
calculated at the same level for energy minima and transition norbornane in its dicationic singlet ground state was therefore
states using the RRHO approximation. The contribution from investigated in detail using density functional theory along with
mechanical workRRT) against external pressure was taken into the nonlocal hybrid and gradient-corrected Becke three-
account in the evaluation of the reaction enthalpy for the parameter LeeYang—Parr functional (B3LYP) and the cc-
dissociation of the §Hg"—CH"—CHjs intermediate (the C5-  pVDZ basis set. For the sake of more quantitative insight into
Min, reference) into 6H;"=CH, and CH". These data are  these processes, this study was supplemented by a calculation
supplemented by entropy differences obtained from the sameof basic thermodynamic state functions coupled to a focal-point
partition functions, which were, in turn, used to calculate Gibbs analysis of energy differences obtained using correlation treat-
free energy differences. As can be seen, all zero-point, thermalments and basis sets of improving quality, enabling an extrapo-
enthalpy, and entropy corrections have a marginal influence onlation of these energy differences at the CCSD(T) level in the
the energy barriers and reaction energies for intramolecular limit of an asymptotically complete (cc-p¥Z) basis set.
rearrangements and proton transfers. For instance, the C6-Min - oyr pest results indicate that geometric relaxation of the
(C,) species is located 11.87 kcal/mol below the C5-Mipecies  yertical doubly ionized state within th@,, point group leads
at the B3LYP/cc-pVDZ level. This energy difference reduces tg 4 Jowering of the molecular potential energy by 58.3 kcal/
to 10.16 keal/mol according to the focal-point analysis, yielding, mg|. An additional 55.7 kcal/mol can be converted into kinetic
in turn, a Gibbs free energy difference of 10.37 kcal/mol in forms of energy by a bond breaking and straightforward
favor of the C6-Min species (Table 6). _ rearrangement of the doubly charged norbornane cage into a
In contrast, entropy effects were found to very substantially fye-membered cyclic g4g*—CH*—CHs intermediate, with the
lower the reaction energy calculated for the dissociation of the gihy| cation substituent (CH-CHs) in the y position relative
CsHg"—CH'—CH; intermediate (the C5-Minreference) into 5 the charge center in the five-membered cyclic ring. This
CsH7'=CH; and CH", which is typical of radical dissocia-  process and the associated proton transfers were found to enable
tions88 Translations and rotations provide substantial positive charge localization within different parts of the molecule. They
contributions to the reaction enthalpy, whereas the vibrational 4re influenced by various competitive factors such as electro-
contribution is negative and comparatively smaller in absolute giagic interactions, inductive effects, cyclic strains, and meth-
value. These variations simply relate to the fact that, becausey|enic hyperconjugation interactions. The above intermediate
of the cleavage of the 48ls"—CH"—CH; intermediate into ¢4 pe regarded as a kinetically metastable species, defining
smaller species, three additional rotational and three add|t|onalthe entry gate to the dissociation pathway of norborfairgo
translation modes become available at the expense of SiXC5H7+=CH2 and CH*. Indeed, according to our best estimates,
vibrational modes. Note that the rotatlolna[ltantropy of the he corresponding reaction and activation enthalpies at 298 K
CsH7"=CH, species is only~1.37 cal mof* K™ below that 54 1 atm amount te-10.2 andH+ 39.7 kcal/mol, respectively.
of the GHgt—CH™—CHjs intermediate; therefore, the increase The heterolytic charge fragmentation of theHg"—CH*—CHs
in rotational entropy can be ascribed to the emission of a much singlet species into ¢8l7*=CH, and CH* singlet species
smaller and rapidly spinning GFf moiety. possibly involves a transient or short-liveghG2t—CH,—CHs;
species that is~3.3—5.3 kcal/mol above the 4Elgt—CH™—
CHjs intermediate; this structure corresponds to a shallow energy
The main purpose of the present work was to identify at least minimum on the B3LYP/cc-pVDZ surface and possibly to an
one suitable pathway for a straightforward and ultrafast frag- energy shoulder on the potential energy curve associated with

IV. Conclusions and Outlook for the Future
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the fragmentation channel at a benchmark many-body quantumstudied, within the framework of the BorfrOppenheimer
mechanical level [CCSD(T)/cc-p¥Z]. In view of an estimated approximation, the structural consequences of a double-ioniza-
energy barrier of only 5:86.0 kcal/mol, this proton transfer  tion event resulting from the sudden removal of two electrons,
will certainly be favored by pronounced tunneling efféttnd assuming that no residual nuclear kinetic energy remained in
can therefore be regarded as incommensurably faster than théhe initial state. In other words, we considered as initial state
charge fragmentation itself. Entropy effects were found to the shakeoff state that lies precisely at an electron binding energy
tremendously favor the charge fragmentation, through a con- equal to the vertical double-ionization energy of norbornane
tribution of —11.4 kcal mot* to the Gibbs free reaction energy  (~26.5 eV according to our best data). Note that the initial state

at 298 K. in the geometric process lies high above the energy barrier

In our quest for additional straightforward pathways and clues léading to dissociation of the cage into smaller fragments and
for an ultrafast Coulomb fragmentation of norborrinean is thus not subject to a quantization of the vibrational and
opening of the methylene bridge led us to identify a six- r(_)tatiqnal energies over stati(_)nary states. On the contrary,
membered cyclic structure (82" —CH) in the form of a 1,4- vibrational and rotational motions for the states above the

didehydrocyclohexane dicationic ring bearing a methyl substit- double-ionization threshold that would be generated using high-
uent attached to one of the carbocationic centers, at an energyeNergy photons are by definition of transient nature, as these
10.2 kcal/mol below that of the §8ls™—CH*—CHs species, states are embedded in an energy continuum. Further_ studies
according to our best estimates. On the singlet ground-state€Mploying nuclear dynamits or wave packet dynamits
potential energy surface of norborndhe this structure around (.:onllcal mterseguo%?@ will probably be necessary for
can be regarded as a dead end on short time scals&? s), a quantitative evaluation of the effects of vibrational and
because a charge fragmentation into distinct monocationic fotational excitations on the dynamics that can be predicted from
species would at least imply the breaking of two singte@ the computed potential energy landscape and for an investigation
bonds. of the influence of the identified intramolecular rearrangement
and charge dissociation processes on the innermost valence
ionization spectrum of norbornane, as well as on the corre-
sponding electron distributions in the configuration and mo-
mentum spaces.

Considering the energy releasetiH>9s = 114.0 kcal/mol)
by molecular relaxation of norbornatie after the sudden
removal of two electrons from the neutral, compared to the
energy barrier4AH",9g= 39.7 kcal/mol) to overcome for a charge
fragmentation of the EHgt—CH™—CHjs intermediate, it seems
more than plausible that, at ionization energies around the
double-ionization threshold and following a purely electronic
and thus straightforwardnhtramolecular Coulomb decay of
shakeup states into dissociative shakeoff states, norbornan
becomes subject to ultrafast nuclear dynamical processes,
involving intramolecular rearrangements and Coulomb explosion
into monocationic species. Because a vertical double-ionization
process leads to a second-order saddle point under relaxatio
within the Cy, point group, a breaking of the BorfOppenhe-
imer approximation is likely to occur, which is in line with the
range of time scales (fromv1071% to ~10713 s) inferred

previously® for these rearrangement processes from a com- Supporting Information Available: Detailed Cartesian

parison of UPS (He I) and EMS = 1.5 keV) measurements. o dinates and energies for all structures displayed in Figures
Ultrafast nuclear dynamics would then explain the unusually 4,5, 6,8, and 9 are available free of charge via the Internet at
large width of the bands observed at electron binding energieshttp://pubs.acs.org.

above~25 eV indicating considerable natural broadening due
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