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The C4Hst Potential Energy Surface. 3. The Reaction of Acetylene with Its Radical
Cation

Vojtéch Hrouda," Martina Roeselova' and Thomas Bally*
Institute of Physical Chemistry, Urersity of Fribourg, Peolles, CH-1700 Fribourg, Switzerland
Receied: December 16, 1996; In Final Form: February 28, 1997

The reaction of acetylene (Ac) with its radical cation {Acis studied at the CCSD(T)/cc-pVTZ//QCISD/
6-31G* level of theory and by the B3LYP/6-31G* density functional method. Contrary to earlier claims, we
find that vertical ionization of the neutral acetylene dimer leads to a bound state which relaxes to a T-shaped
ion—molecule complex 8.3 kcal/mol below the separated fragments. Once Ac ahth@e@ approached to

less than a3 A center to center distance, spin and charge begin to delocalize and the complex collapses
smoothly to the cyclobutadiene radical cation (CB) via a linear complex (LC1) and/or a cyclopropenylcarbene
cation (CC). Rearrangements to other stahld,€ isomers require H shifts which are promoted by localization

of the positive charge on one C atom. From LC1 this leads directly to the transition state LC2 for formation
of a pivotal intermediate, }t=C=CHCH"* (methyleneallene, MA), which in turn collapses wifh ~ 3

kcal/mol to the methylenecyclopropene radical cation (MCP), the most stablgtGsomer. Additional

[1,2] H shifts which require higher activation energies lead to the radical cations of butatrienB,(BT7

kcal/mol from MA) or vinylacetylene (VAE; ~ 20 kcal/mol from MA) which are of stability similar to that

of CB. These findings are in accord with condensed phase experiments on alkylated acetylenes, where the
corresponding CB derivatives were the only products observed. However, in gas phase studiegather C
isomers were observed in Ae Ac** reactions. Perhaps these arise through bifurcations leading to structures
with localized charge without passing through the stationary points located in this study. B3LYP/6-31G*
results were found to be in close agreement with the reference coupled cluster calculations for most parts of
the GH, " potential energy surface probed in this study. However, it should be noted that density functional
methods may give a wrong dissociation behavior for radicals because they fail to localize the spin (and the
charge in the present case) when this is required and therefore cannot be used in the loosely bound region for
ion—molecule complexes.

1. Introduction SCHEME 1: Condensed Phase lorMolecule Chemistry

In the first paper of this series describing structures and of Acetylene

rearrangements on the@,;* potential energy surface we had Ac  H—==—CH,R CH-R CH-R
focused on the cyclobutadiene radical cation (CB) and itsdahn + — ||+ H | v
Teller (JT) distortion: In the second paper, the JT effect in Act H—==-CH,R R_Hzc/ F{-HZC/ '

the tetrahedrane radical cation and its facile rearrangement to * _________________________________ .

CB was discussetl,whereas the present study traces the ‘

continuation of our program for investigating mechanisms of R R R R :
ion— i i fnAICl;  hv ' = CH-
ion—molecule reactiorfssuch as they occur in condensed phase s Y : H CH-R
R R R RO
CB '

and/or in gas phase experiments. Thus, we will investigate the *
pathways for the reaction of acetylene (Ac) with its radical H—==-CHR
cation (Ac*) and the stable products formed therefrom.

Upon diffusion in thecondensed phasé¢he radical cations
of alkylated acetylenes were found to react spontaneously with
their neutral parent compounds to form cyclobutadiene radical
cations (CBs}. This is in contrast to many olefinic and aromatic
hydrocarbons M where the reaction usually stops at the stage
of the sandwich complexed dimer radical cations £¥Myvhich

On the other hand, the A€ Ac*t reaction is one of the best
studiedgas phase iormolecule reactionsvhich was investi-
gated by a wide range of techniques over the past 40 years.
Most of this work was done at low pressures, where mainly
the fragments gHsz™ and GH>* were observed. The depen-
e ; . dence of their ratio on the incident energy allowed a modeling
show distinct spectro_scoplc featufedn the case of d_"?”‘y" of the kinetics by statistical theories, but since, in these
acetylenes, the resulting CBsf(Scheme 1) were identified by oy neriments, the ground state potential energy surfacattfC
comparison of their ESR spectra with t.hose of the same speciesg ot directly probed, we will not comment in any detail on
preparqd independently .by photolysis Of. Adcrtomp[exes. these studie® Conversely, in early high-pressure studies the
Interestingly, upon annealing of Freon matrices containing CBs primary cation GH4* was formed in a reaction which was
fo_rmed from alkylacetylenes, propargyl_ r_adlc_als HCCHR found to follow third order kineticsife., required stabilization
arise as the solle paramagnetic prodfcihis implies that alkyl- by collision with a molecule of neutral acetylerfe).

CBs rgdssomgte spontaneously upon loss gf-proton, a Recently, attention returned to the iomolecule chemistry
proposition which would seem to require some substantiation. acetylene due to its importance in soot formation of acetylene-

TOn leave from the J. Heyrovakinstitute of Physical Chemistry rich flamed® and the discovery of unsaturated hydrocarbon
Academy of Sciences of the C)éech Republic, pragu);. ’ cations in interstgllar. cIouQ@. In this perspective, the titlg

® Abstract published ifAdvance ACS Abstractdpril 15, 1997. reaction was studied in an ion-flow tube at 0.3-0.4 Torr, which
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SCHEME 2: Gas Phase lor-Molecule Chemistry of SCHEME 3: lonized Cluster Chemistry of Acetylene
Acetylene CaHy + CoHy™* calculated
CoHa +. CaH CoHa structures:
CoHgt* — =  [CoHo” — = CHE —= CH¢ observedT Q
Ca/ye |ow¢pressure 09/1? * —-e” geomet CH—E
\\ . N . - (C2H2)2 — I(CZHZ)E‘-I optimiz. _.... \‘él_gc[;:\
CsH; CqHE* CeHs  CoHJ g
+H® +H, +HY +H; ?

146 pm
~CoH, P

_e-
CoH C,oHo)3* /7 N\
(CaHg)y — l( 2 z)al mHQ/ \QH

also permitted probing of the nature of the primaryH@™
species? Interestingly two isomeric formf this cation were
formed from Ac+ Ac** which showed distinct reactivity toward . . .
A . _energy. Unfortunately, Tachikawat al. give very little
neutral acetylene or benzene. By analogy with similar behavior . . . ' e
of C4Hz+ formed from vinylacetylené? it was concluded that mformatlon on how they c_arrled out the|r_ geometry optimiza-
the more reactive population corresponds to a linear structure“g?nis)(sxmgem/akgnﬁtﬁgz‘It fgaﬁag”ﬁ?sgn dc;Iy sgﬂlﬁ:i?ry
(vinylacetylene) and the less reactive one to a cyclic structure pro ositions that will have to be eian?ined criticall
(usually presumed to be the methylenecyclopropene cation).p P 19 i Y. .
They did not consider the possible formation of CB which could Very recently, Zhet al™> exploited the fact that the potential

: - . . s energy surfaces for cluster cations are usually quite similar to
nowadays be identified quite unambiguously by neutralization
reionization mass spectromethor by its distinct reactivity those of Rydberg states of the neutral clusters. Thus, they found

: that (a) theAy Rydberg states of (1), are stable (unless the
toward thiophene and allere. _ J. AN :
The Ac+ Ac** reaction was also probed ionized acetylene C=C stretching vibration is excited) and (b) subsequent

) . R . ionization yields (GH,)>*" with no concomitant fragmentation.
clustersin an effort to mgqhanlstlcally d'Stmg.E'Sh the formation From this they concluded that the dimer cation must have a
of fragments via a collision complex ¢8,)** (solid arrows

in Scheme 2) or directly (dashed arrows). In 1982, Ono and stable geometry which is perhaps preformed in the Rydberg

; state.
Ng measured appearance energies gHl " (10.44 eV) and . . .
(ngHz)3'+ (9.83 S\F;) as well as tk?ose %f %%mé fragmeni cations It is the purpose of the present computational study to provide

obtained by photoionization of molecular beams containing a coherent picture of the potential energy surface for the reaction

small acetylene clustePs.However, Booze and Baer recently ?;na(;er;yeli??ovriltmtllts ggg'ﬂcﬁﬁc"ﬂ'zn eag;gsth?r;grgieq:vzn\svirlfar'
demonstrated by a coincidence experiment thiegct photo- 9 gntly 4 sP ’ y

ionization of acetylene clusters is impossiBleand they address th"?‘ following guestions: - .
concluded that the (i2)>"" and (GH)s"" observed by Ono (a) What is the pathway for the;8, + C,H,** reaction under

and Ng must have arisen from the next higher neutral homo- conditions where the excess energy can be efficiently dissipated

logues (trimers and tetramers, respectively) which may stabilize (conde_nsed phase and high pressure gas phase exper_lments).
themselves by loss of a neutral acetylene molecule uponIn particular, what are the activation barriers for conversion of

P loosely bound to various tightly bound&,+ species?
lonization: (b) Is it possible that different stablej8," isomers are
Booze and Baer used quantum chemical calculation to b axa

rationalize the impossibility of obtaining ¢8.)>* by direct formed concomitantly in the £1, + CzHy™* reaction?
photoionization of the T-shaped neutral dimers. They found (c)_Does lonization of neutral _acetyle_ne dimer lead to a bom_md
very different equilibrium structures for the neutral and the Species, .and. i y7e5, why was this species not observed by direct
ionized acetylene dimer from which they concluded that photoionization? . .
Franck-Condon factors for photoionization to bound vibrational (d) How conclusive are the results of the previous quantum

states of the dimer cation should be vanishingly small. More- mtz?hanlcil StUd'leS onhthe t'tlet EUbJ%?t't definitivel |
over, their calculations indicated that vertical ionization of the ough we will perhaps not be able to definitively resolve

neutral dimer leads to a state which decays spontaneously toaII of the above problems, we believe that application of state-

CoH; + CoHy** and therefore cannot be observed unless a of-the-art quantum chemical techniques can provide important
mechanism for the dissipation of the excess energy (such adnsight into ion-molecule reactions in general and that of

monomer evaporation from a larger cluster) is availdble. acetylene in particula& We will presently "”.‘“ oursc_slves to
Interestingly, they foundwo differentstructures for (gH2)>"*, the parent €Hz + CoH,™ system, but an extension of this study

depending on whether the optimization started from the verti- to include the experimentally investigated methyl derivatives

cally ionized dimer or the trimer (which spontaneously loses a is straightforward and will be presented later.
C,H; on relaxation). Booze and Baer did not comment on this
interesting finding ¢f. Scheme 3) which we will reexamine in
the present study. The methodology used in the present study is similar to that
On the other hand, Tachikaveaal® attempted to substantiate  described in some detail in the previous papérherefore we
the interpretation of their ESR data by quantum chemical limit ourselves to a brief summary and focus on those aspects
calculations on alkylated acetylene dimer cations. Thereby theywhich differ. Initially, all structures were optimized at the
found two different states of the dimer cations which they call restricted open shell Hartre¢-ock (ROHF) level. Subse-
o- andzz-types according to the character of the singly occupied quently, they were reoptimized by the spin unrestricted variants
MO (SOMO). Then-cations represent tightly bound CB-type of the B3LYP density functiond! and the QCISD methods
structures, whereas thecations correspond to loosely bound using the standard 6-31G* basis $&tAll stationary points were
charge-resonance-type dimer cations which are, howesr, characterized by Hessian calculations at the above levels.
eV less stable. Reaction path calculations led them to the In addition, in the case of transition states, intrinsic reaction
interesting conclusion that the methylacetylene dimer cation coordinate (IRC) calculatioRdwere carried out systematically
collapses to the less stahtés-dimethyl-CB because the path  at the B3LYP/6-31G* level to ascertain the identity of the
to the 0.54 eV more stable trans form requires a larger activation minima which they interconnect. The loose complexes were

2. Computational Methods



The GH4* Potential Energy Surface. 3 J. Phys. Chem. A, Vol. 101, No. 21, 1993927

TABLE 1: Optimized Geometry, Binding Energy (AE), and 0 K Binding Energy (AEy, in kcal mol~?) of the Neutral T-Shaped
Complex (GH5),

HF B3LYP QCISD ceso)
6-31G* 6-3H+G* 6-31G* 6-31++G*  cc-pVTZ 6-31G* 6-34+G*  cc-pVTZ  expb

Ee ~153.637 68 —153.647 46 —154.65395 —154.667 78 —154.72850 —154.169 71 —154.181 38 —154.377 54
I 2.968 3.070 2.724 2.797 2.835 2.733 2.731 2.743
R(C=C)® 1.186 1.189 1.206 1.208 1.197 1.213 1.215 1.203
R(C—H)® 1.057 1.058 1.067 1.068 1.062 1.069 1.070 1.062
AE -1.27 -0.79 -1.67 -0.98 -0.87 -1.77 -1.67 —1.47
AEcor! -0.83 ~0.70 -1.07 ~0.80 -0.79 -0.93 ~0.80 -1.25
AEg corr ~0.46 -0.33 -0.70 -0.43 ~0.42 ~0.56 -0.43 -0.88"

a Single point calculation at QCISD/6-31G* geomethyRef 29, intramolecular bond lengths from isolated acetyléfi@tal energies in hartrees.
d Distance between donor H atom and center of acceptor acetylBoth C=C and all C-H bond lengths equal withir 0.001 A with the exception
of the donor G-H bond which is longer by 0.0810.003 A.f Value corrected for the basis set superposition efr¥alues corrected for differences
in zero-point energies and basis set superposition error, calculated at the respective level, except whérAzked. 0.37 kcal mot?! taken
from the frequencies calculated at the B3LYP/cc-pVTZ level.

also reoptimized with a basis set containing diffuse functions SCHEME 4: Neutral Acetylene Dimer

(6-31++G*). Finally, single point energies were evaluated at =~ - H H] H
the QCISD geometries by the UCCSD(T) metPfodising =t = / / = =t
Dunning’s correlation-consistent tripie(cc-pVTZ) basis set ) H H !

Zero-point energies (ZPEs) for the evaluation\d, = AE +
AZPE were taken from frequencies calculated at the level usedy,is that dispersive interactions (which are pure correlation
for the geometry optimizationAE from CCSD(T) calculations  oacts and hence cannot be modeled at the Harffeek level)
were supplemented b¥ZPE from QCISD frequencies. Basis 5.0 of minor importance and that the binding in TN is
set superposition errors (BSSEs) were calculated by theBoys o qominantly by aciebase (or doncracceptor) interactions
Bernardi procedufé for the loose complexes,e, those in  yhich lead also to a substantial dipole moment of 0.28D.
which no new C-C o-bonds have developed. _ _ We note that the B3LYP/6-31G* geometry is in very good
We .checked for the appropriateness O_f using single- 50014 with experiment and with that obtained at the QCISD
determinant reference wave-functions by carrying out CAS(7.8) |eye|, and the binding energy of 0.7 kcal/mol is only 0.18 kcal/
calculation_s on the statior)ary points. In all cases, the CASSCF | |ower than that obtained by the (very expensive) CCSD(T)/
wavefunction was described ®@87% by the ground state . \/T7 calculation. This was unexpected in view of recent
refergnce determinant and no |nd|V|dpaI excited co.nflguratlon studies demonstrating that density functional methods are poorly
contributed by 23%. The expectation valué¥lin the suited for calculating van der Waals type as well as hydrogen-
unrestrl_cted HartreeFock (UHF_) reference determinants was ,qeq complexe®. Addition of diffuse functions or going
<0.77 in .the B3LY'_3 calculations. In the reference QHF from DZ to TZ basis sets results mainly in the expected decrease
wavefunctions used in the QCISD and CCSD(T) calculations, ot yhe hasis set superposition error, except at the QCISD level,
[$Lshowed significant deviations from 0.75, especially at p+ a5 the binding energies decrease simultaneously, the
transition states where I exceeds_0.9_. Howeyer, as s_,hown bYcorrected values do not differ much from those obtained with
Stantor?’” even substantial contamination by higher spin states smaller basis sets.
is effectively removed at the CCSD (or QCISD) level unless A comment is in order with regard to zero-point energies
bonds are stretched very far from their equilibrium lengths. g thermal corrections which require a correct description of
All calculations were carried out with the GauSS|an9_4 suite o vibrational structure. As noted by Hanelyal3! a faithful
of programég on an SGI Power Challengel server, with the modeling of the bending vibrations atbonded systems requires
exception of the CCSD(T)/cc-pVTZ jobs which were runon a 546 AQ basis sets containing at least f functions in addition
NEC SX-3 vector machine. to a good account for correlation energy. Indeed, all methods
gave bending frequencies of acetylene which were too low by
10—20%, and therefore we decided to calculate the frequencies
3.1. The Neutral Dimer. Before going into the discussion for differences in zero-point energies and thermal corrections
of ion—molecule complexes, we recall some pertinent features of reactions involving Ac, At" or loosely bound complexes of
of the neutral acetylene dimer (AcfScheme 4) which was  the two with the cc-pVTZ basis set at the B3LYP level, which
investigated in some detail by microwave and rotationally has proven very reliable in this respéet.
resolved IR spectroscop§2? The data obtained in these studies 3.2. The Dimer Cation. In dimer radical cations composed
were successfully modeled in terms of a hydrogen-bonded of identicalz-systems, attractive forces usually occur in the form
T-shaped structure TN which undergoes, however, a rapid of covalent interactions which can be thought to arise through
tunneling automerization by simultaneous rotation of the charge resonance ‘MM < M—M-*" or through interaction
monomers around parallel axes at a gigahertz rate. of the two HOMOs which contain a total of three electréhs.
This model received support from MP2/DZP calculations This requires optimal overlap between th#1Os, and therefore
which showed TN to be an energy minimum, whereas the the most stable form ot dimer cations is often of a sandwich
parallel structure is a transition state for the automerization type or has at least one long bond formed by a pair of facing
procesg® We decided to recalculate TN with our present p, AOs, as in the case of the (ethylegig)linear complex-34
methodology as a basis for our study of ionized acetylene As will be shown below, such a structure is indeed formed
dimers. The results are presented in Table 1, which shows thateventually also in the case of (At).
the structure and binding energy of TN depend surprisingly litle  However, at center-to-center distances>®.8 A the same
on the presence or absence of diffuse functions in the basis semode of bonding which prevails in TN appears to be the most
and/or on the recovery of correlation energy. We conclude from favorable one in (Ag)*. In fact, optimization of TN after

3. Results and Discussion
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TABLE 2: Energy Differences (AE) and 0 K Binding Energies (AEo, in kcal mol~1) Relative to Separated Fragments of
Weakly Bonded Complexes on the ¢H,* Potential Energy Surface

CHat ROHF B3LYP UQCISD UCCSD(T)
structuré 6-31G* 6-3+G* b 6-31G* 6-31G* CC-pVTZ
Ac + Ac = —153.278 64 —153.284 49 —154.247 62 —153.772 40 —153.960 65
zPE 36.33 36.27 33.06 32.41 32.41
pC AE ~18.00 ~15.49 ~41.09 ~30.09 ~32.97
AEcort ~17.01 ~15.27 ~39.97 —27.17 ~3212
AEopord ~16.13 ~14.48 ~38.99 —26.11 ~31.06
TC AE 863 ~7.19 h ~10.15 Z9.97
AEsorf ~8.09 ~7.01 ~8.69 —9.54
AEoorf ~7.30 —6.27 ~7.45 -8.30
TCIHTN AE 337 243 h —5.04 ~5.07
AEsorf —2.94 231 ~4.43 ~4.86

a For optimized structures see Figure®®umbers used in the construction of Figures 1 antiIngle point calculations at QCISD geometries.
ZPEs are also taken from QCISD calculatiifotal energies in hartreesZero-point vibrational energy in kilocalories per mdleéSee corresponding
footnotes in Table 1" No binding at the B3LYP level; for discussion see téxtC at the geometry of TN.

AEgel acetylene moieties (and hence the binding energy inhe
keal/mol ground state) increases with decreasing distance. Thus, we
conclude that if TN is ionized at threshold, the resulting dimer
cation should be weakly bound and under high-pressure
conditions it should collapse to the more strongly bound®TC.

If the intermolecular distance in TC is decreased below the

7 equilibrium value of~4 A, the energy increases sharply when

= i C,, symmetry is maintained (see dotted line joining solid circles
in Figure 2). On unconstrained geometry optimization, the

10 -

T H-bonding acetylene moiety begins to escape the repulsion by
0 . thes-cloud of the other by tilting upward, whereby a transition
- l + T AcrAct state TSO is reached. Shortly thereafter the charge and spin
5+ @ """ ',;'2'""“5‘8— ' ‘ g begin to delocalize and, @ symmetry is maintained, the system
L —— i eventually collapses to a perpendicular complex PMef
ol | symmetry. This “perpendicular” mode of interaction is also
ﬁl ...... 5. __ﬁ_§_+' bonding at>2.5 A, but less so than that of the T-shaped dimer
¢ i which wins at longer distances. On further reduction of the
! TC ™ intermolecular distance, the ground state of PC correlates in
. . D,q with a highly excited state of tetrahedrane radical cation
4.05 472 R/A

(dotted line joining solid triangles in Figure 2), which is of no
Figure 1. ROHF/6-31-+G* energies and HOMOs of the four lowest  relevance in the present studly.
electronic states of the T-shaped complex between acetylene and its When we wanted to recompute the potential energy curves

radical cation at the equilibrium geometry of the neutral (TN) and the - -
cation (TC), relative to the separated fragments. In the ground state ofby the B3LYP method, we noted that, irrespective of the

TC spin and charge are localized on the H-bonding acetylene (the onedistanceR and the symmetry, spin and charge were always
to the right in the drawings). Note that the binding energy of TC delocalized over both acetylene moieties, which led to a very
increases considerably on going to correlated levels of thebrydble strange dissociation behavior, as documented in Figure 3 on
2). the example of th®,4 pathway: whereas the ROHF curve leads

smoothly to the dissociation limit, the B3LYP curve begins to
removal of an electron leads at all levels of theory (except fa|| off in the region where spin and charge localize in ROHF
B3LYP, see below) to an energy minimum which retains the and does not converge at all to the energy of the separated
structural features of TN and will hence be called TE Figure fragments (which is furthermore much too high). Thus, DFT
1). Whereas vertically ionized TN is bound by o kcal/ methods do not seem to be appropriate for the calculation of
mol, this increases te=8 kcal/mol in TC €f. Table 2). This  djssociations of species where charge or spin must localize on
finding is in sharp contrast to Booze and Ba&righo claimed one fragment® but this does not preclude B3LYP from giving
that TC lies about 7 kcal/madbove the separated fragments  predictions in good accord with QCISD calculations for both
and concluded that TN dissociates spontaneously on ionization.geometries and energies of more tightly bound species (see
However, they also reported that the charge in vertically ionized below).

TN was located on that monomer which dagst engage in However, the localization of spin and charge in PC (or other
H-bonding, whereas we found the opposite. weakly bound complexes) can certainly not be modeled correctly
Apparently, the calculation of vertically ionized TN by Booze  at the Hartree-Fock level;i.e., dynamic correlation is expected
and Baer had converged to arcited state.As this state has  to play an important role here. Therefore, we recomputed the

a different symmetry inC,,, we recalculated it with the  energy of PC by the CISD methdé which gave the curve
6-31++G* basis set and found it to lie indeed5 kcal/mol joining the open squares in Figure 3. Obviously, ROHF had
abave the separated fragments. In fact, one can calculate four underestimated the binding energy of PC by about 30% relative
distinct states of the T-shaped dimer cation which differ in the to CISD*"® (and by even more relative to our reference level,
nature of the singly occupied HOMO, as shown in Figure 1.  CCSD(T) /cc-pVTZ), which proves that correlation plays an
Not unexpectedly, they are pairwise nearly degenerate, and themportant role in shaping the potential energy surface for the
splitting between those which carry spin and charge on different dissociation of ior-molecule complexes.
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Figure 2. ROHF/6-31-+G* potential energy surfaces (energies relative to separated fragments) for the interaction of acetylene and its radical
cation as a function of the center-to-center distaRd@ in a perpendicular approach Bfq symmetry (dotted line joining solid triangles) and (ii)

for an approach through a H-bonded complexCef symmetry (TC, full circles) which collapses via a tilted structuré&Coymmetry (open dots)

to a perpendicular complex PC Bkq symmetry. TC//TN denotes TC at the geometry of TN. Each mark corresponds to a fully optimized geometry
within the given symmetry. The solid line denotes the minimum energy pathway for the formatiofHgf QMO pictures denote the singly
occupied HOMO in the respective states.

AE gy e o R 26 28 30 32 34 36 38 RA
kcal/mo‘l ] T T T T T T T 0 02
sl 4 g B —— W —+ B3LYP .
L)
)
CCSD(T) § B
30} y =t N < Jo01
'@ | ROHF CISD ",
et N e =
=
&
0F 7 0 0.00
C
> 5ot \
10+ N l'?? & 13 36 ) @
o R=2.5 R=3.0 R=4.0
or ] Figure 4. Ratio of spin densities (filled symbols) and difference in
C=C bond lengths (open symbols) of the two acetylene moieties in
1 . 1 L 1 n 1 1 i . . . . . .
2 4 s 3 10 o PC in the region where localization of spin and charge sets in. Note
. that both parameters remain constant throughout at the B3LYP level
R/A (dashed lines). All calculations are with the 6-31G* basis set.
Figure 3. Energy vs center-to-center distanRdor the dissociation . . —
9 9y In conclusion, we present the structures (Figure 5) and binding

of PC along aC,, pathway by different methods (always with the ) . .
6-31G* basis set). The values at infinity are energies of the separated€nergies of the weakly bound (At) complexes discussed in

fragments Ac and At relative to PC (the full circle at infinite distance  this section as computed by the different methods with correction
corresponds to the reference levie,, CCSD(T)/cc-pVTZ//QCISD/ for the basis set superposition error and zero-point energy
6-31G*). differences (Table 2). We retain from this in particular th&
kcal/mol binding energy of TC at the geometry of TN which
Figure 4 shows the degree of localization of the spin and the increases tev9 kcal/mol on relaxation of the ionized complex
concomitant increase in the difference between the length of (slightly less if ZPEs are taken into account, which is not
the two acetylene’s €C bonds in PC in the region & where possible at the nonequilibrium TN geometry). This and the fact
both change. Both parameters begin to change rather abruptlythat TC collapses with a very small activation barrier via PC to
at~2.7 A (ROHF) or 3.1 A (CISD) and then converge to their more tightly bonded complexes (see below) indicate that it
values in the separated fragments within about 1.3 A (whereasshould be possible to form stableH* species by ionization
both remain constant over the entire range in B3LYP). of TN if the excess energy can be dissipated.
Although these changes are not accompanied by any disconti- Finally we note that B3LYP is not capable of describing the
nuities in the energies, it is interesting to note that the preferenceweakly bonded TC complex due to the failure of this model to
of electron correlation for delocalized wavefunctions delays the allow for localization of spin and charge at large intermolecular
onset of localization by0.4 A. distances. Conversely, the binding energy of PC appears to be
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TABLE 3: Energies (kcal/mol) of C4H,* Structures Relative to CB
ROHF/6-31G* UB3LYP/6-31G*

UQCISD/6-31G* UCCSD(T)/cc-pV¥Z

C4H4'+
structuré AE AEg AE AEy AE AEg AE AEp
Ac + Ac** 82.80 77.07 c 87.34 80.84 88.02 81.52
LC1 66.1% 61.97 48.82 44.74 49.39 45.42 49.39 4543
(49.88]§ (45.92)
TS1 g 50.59 46.48 49.91 45.69 49.85 45.63
cch 45.40 42.31 47.97 44.83 44.84 42.16 45.61 42.93
TS2 45.94 43.17 48.09 45.11 45.43 43.14 45.66 43.38
LC2 48.40 44.74 56.33 51.40 56.51 52.62 58.77 54.88
(56.89) (51.96)
MA 19.47 16.78 25.16 22.48 25.37 23.31 28.50 26.45
TS3 35.91 32.58 29.79 26.50 31.62 28.87 32.44 29.68
MCP —17.92 —19.27 —8.52 —9.50 —9.52 —10.10 —6.69 —7.27
TS4 58.18 52.54 44.91 39.63 49.66 44.77 48.18 43.30
BT 7.01 3.50 —5.06 —7.09 0.63 —-1.23 2.04 0.17
TS5 59.75 54.43 49.45 43.73 55.65 50.49 52.06 46.90
VA 3.62 2.24 —0.63 —-1.70 1.32 0.45 3.46 2.58
CB Ei —153.41059 —154.403 78 —153.911 58 —154.100 92
ZPE" 42.05 39.01 38.90 (38.90y

aFor B3LYP and QCISD optimized structures see Figures 6, 9, and 10; structuxesrd 8ansition states at all levels; all other species are
minima, except where indicated otherwi8&ingle-point calculations at QCISD geometridaZPE taken from vibrational analysis at the QCISD
level, except where indicate@Wrong dissociation behavior; see teXROHF wave function, unstable to symmetry breaking, collapses to CC.
¢ UHF does not converge outsi@® symmetry; therefore, (numerical) UQCISD second derivative calculations were impoasiit& taken from
B3LYP calculations! At B3LYP geometry and wittAZPE from B3LYP vibrations¢ Could not be located because of ROHF symmetry breaking
in LC1. "Minimum at QCISD, low-lying transition state at ROHF and B3LY&®. Figure 8 and text). Minimum at ROHF, transition state at all
other levels! Total energies in hartree$At the ROHF level, rectangular CB is a transition stetéAt the QCISD level only, rhombic CB lies
0.75 kcal/mol lower in energy than the rectangular structure. Listed is the energy and ZPE for thé& Egterpoint vibrational energies in
kilocalories per mole. In thE, columns, the ZPEs relative to that of rectangular CB are addeédtd Taken from QCISD calculation.

[182.5

1.213 } neutral 175.6°
176.4° H
1.205 1234 o [1.27311.273 117.3° [115.8°
H C c H (_’l o . " .

57 1228 2427 Lo LT 166° (180.01180.0° 2 1488 (15541
: cation : 1.664 1.615 " N , .
1.252 } ‘ 2.529 1268,/ 11259 113.0° [114.9° 115.0°(AN121.9°[119.5%
Ac PC

Dy, minimum Dy, 2order saddle point

LC1
C,, minimum

LC2 (B3LYP)*?
C: , transition state

LC2 (QCISD)
C,, transition state

H

11763° Figure 6. Geometries of the linear complexes, LC1 and LC2, optimized
"(179-4") by QCISD/ 6-31G* (normal) and B3LYP/6-31G* (italici]Numbers
1216 H S in brackets are for the QCISD second order saddle point (see @fxt).
(1~213)m 2194 1102 1258 1.083 Table 3 for energies.
(2733)  (1.070) (1.213) (1.069)
1.072 . - . .
(1.069) different at the HF level. Although it is possible to find an
H TC (apparent) potential energy minimum corresponding to LC1
(TN) within C, symmetry by ROHF, this lies 1.35 kcal/mabaove

G, minimum PC (which is why PC is a minimum at this level). Also, it
turns out that the ROHF wave function is unstable to symmetry
breaking and relaxes to one where spin and charge are localized
on opposite ends of the molecule; hence, LC1 is not a true
energy minimum. By UHF, LC1 lies 7.8 kcal/mol below PC,
substantially overestimated, which is another expression of thebut it is a transition state.

Figure 5. Geometries of Ac, At, TC, TN (in parentheses), and PC
optimized by QCISD/6-31G* (normal) and B3LYP/6-31G* (itali€)f.
Table 2 for energies.

wrong dissociation behavior.

3.3. Tightly Bonded Complexes.Although PC is a shallow
energy minimum at the ROHF levetf( Figure 2), it turns into

On relaxing the geometry of LC1 at the HF level, a second
long bond to a vicinal C atom begins to form so that a three-
membered ring complex results. As spin and charge in this

a second order saddle point at all other levels, where (undernew species are largely localized on the exocyclic CH unit, it

maintenance oz, symmetry)both imaginary modes lead to
the same new structuf@. It corresponds to a “linear complex”
LC1 (cf. Figure 6) analogous to that found previously for
(ethylene)+;2 i.e, it has one long#1.66 A) and two short
C—C bonds £1.27 Ap9aband a rather flat surface for rotation
around the long bond (Figure 7). At the CCSD(T)/cc-pVTZ
level the equilibrium conformation of LC1 lies’5 kcal/mol
below PC in energycf. Tables 2 and 3).

At correlated levels (B3LYP, QCISD) LC1 is a shallow

may be viewed as the radical cation of a cyclopropenylcarbene
(CC), which will be considered in more detail below. However,
before doing this, we should point out that at the HF level, under
certain conditions, LC1 is found to relax to another linear
complex whose wavefunction resembles that obtained at the
ROHF level upon symmetry breaking. In this species, which
we shall call LC2, the spin-carrying end resembles a vinyl
radical (bentRe—c =~ 1.31 A) and the opposite end a vinyl cation
(linear,Rc—c =~ 1.27 A). It corresponds to the structure which

potential energy minimum, but the nature of this complex is Booze and Baer obtained on UHF/3-21G geometry optimization
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Figure 7. Potential surface for rotation around the central bond in
LC1 and LC2 according to B3LYP/6-31G* calculations. Each filled Figure 8. Reaction pathways for the decay of LC1 to (rhombic) CB
symbol corresponds to a fully optimized geometry. Insets show the via CC by B3LYP/6-31G* (dotted line connecting circles, representing
shape of the HOMOs at thigans and cis geometry of the localized an IRC pathway) and QCISD/6-31G* (dashed line connecting squares)
(LC1) and delocalized state (LC2). plotted as a function of the two angles-€C,—C; and G—C;5—C,.

Filled symbols denote minima; open symbols, saddle points. The
diagonal line corresponds to a pathway under maintenanc€; of
symmetry which leads via a second order saddle point SP2. Insert
drawings depict the change of the HOMO along the reaction.

of the acetylenetrimer cation (after loss of a neutral
monomer)L6:39%¢

At correlated levels, however, LC2 libsgherin energy than
LC1 and collapses to the latter (or, bypassing LC1, to CC) on |ower-lying saddle point at a larger diehdral angle), we prefer
unconstrained geometry optimization. Apparently, correlation to take the B3LYP geometry as a reference in this case. If we
reverts the preference of the HF calculations for linear com- do this, the LC2LC1 energy differencei ., the activation
plexes with localized spin and charge. However, a careful energy for the H-shift) amounts to 7 kcal/mol at the CCSD(T)
search of the B3LYP potential energy surface in the vicinity of |evel or 6 kcal/mol ifAZPE is taken into accountf Table 3).
the LC2 structure revealed a region with a negative eigenvalue  Coming back to CC, we note that this species is also formed
of the Hessian, which permitted reaching a first order saddle from LC1 via a very low-lying transition state TS1. It is a
point. Following the imaginary normal mode showed that this shallow energy minimum o€s symmetry by QCISD, but not
structure corresponds to a planar transition state for shifting oneby B3LYP or ROHF where it is formally a saddle point between
of the central H-atoms to the vinyl cation carbon (see Figure two slightly distorted, identical CC minima. However, the
6), which yields a structure MA whose significance will be surface is so flat (also by QCISD) that not too much significance

discussed in the following section on stablgHe* isomers. should be attached to this qualitative differeige More
Reoptimization of the B3LYP structure of LC2 at the QCISD importantly, CC collapses via another very low-lying transition
level proved very difficult. On enforcing a plandrans state (TS2) to the cyclobutadiene radical cation (CB). Figure

conformation, a second order saddle point was reached whoses shows the pathway and the change in shape of the HOMO in
geometry differs, however, significantly from the B3LYP one the course of the LC1> CC — CB conversion. The 0 K

(cf. numbers in brackets in Figure 6). The imaginary mode of activation energy for the LC+ CC conversion via TS1 is only
lowest frequency corresponded to rotation around the central~0.2 kcal/mol at the QCISD and CCSD(T) levels. Hence, LC1
bond (the other one represents the H-migration), so we followed and CC cannot be more than very fleeting transients in thie Ac
this in an attempt to reach the true transition state for a [1,2] + Ac*t reaction.

H-shift on the QCISD surface. However, unlike in the case of  If we review the pathway of the Ag- Ac*™ reaction, we
LC1 where the “relaxed” surface for rotation around the single note that none of the stationary points which we have found so
bond can easily be calculated (Figure 7), this is not readily far appear to be disposed for holding up the nearly activationless
possible for LC2 with methods involving correlated wave collapse to CB, as discussed in the following section. In fact,
functions because, onc€s symmetry is left, they tend to it is likely that if the dynamics of this process are taken into
collapse to the delocalized LC1 (or the H-shifted product) unless account, some or all of them may be bypassed entirely by most
the vinyl radical end is forced to remain strongly bent. of the trajectories.

In spite of these difficulties we eventually succeeded in  3.4. Stable GHs™ Structures and Their Formation. As
locating a true transition state for the [1,2] H-shift also at the mentioned above, LC1 decays via CC to CB, which comes in
QCISD level, but this turned out to have a very different dihedral two nearly isoenergetic structures (rhombus and rectangle) that
angle of 39, albeit with bond lengths and angles quite similar reside in shallow minima on the bottom of the Jafireller
to the B3LYP onesdf. Figure 6). Nevertheless, the CCSD(T) surface of CB-2 For convenience we will consider only the
energy of LC2 is 1.9 kcal/mol lower at the B3LYP than that at rhombic form, CB-rh, in the context of the CE&> CB
the QCISD geometry (at B3LYP, the same energy difference rearrangement because this is the state which correlates with
is 2.8 kcal/mol). As LC2 is not a minimum, this does not CC (although this only represents the global (H)minimum
necessarily indicate that B3LYP gives a better representationat the QCISD level). The overall activation energy for this
of the CCSD(T) surface than QCISD, but as we were not able process is<1 kcal/mol, and the rearrangement to CB is
to fully explore the QCISD surface (to find perhaps another, exothermic by nearly 2 e¥2 Thus, it seems that there is an
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Figure 9. Geometries of the stationary points on the way from LC1
to CB by QCISD/6-31G* (normal) and B3LYP/6-31G* (italiciln
B3LYP, CC inCssymmetry is a transition state connecting two slightly

o\ﬂ;m“

distorted CC structurescf, Figure 8 and Supporting Informatioff). }3?3‘ 1210

bCB-rh (rhombic CB) is the lowest energy (CH)structure by QCISD,

but by B3LYP/6-31G* and CCSD(T)/cc-pVTZ/IQCISD/6-31G* this }-%gg

lies 2.1 and 1.6 kcal/mol, respectively, above the rectangular strifcture. '

almost continuous downhill pathway which connects‘Aéc*™ " 33%

with CB, which is indeed the product which is observed in G/I;T A

condensed-phase reactions,, under conditions of rapid excess
energy dissipation.

C,,, minimum D,, minimum C,, minimum

. - - Figure 10. Geometries of the stable,8," isomers butatriene (BT),
However, in the high-pressure gas phase experintéis vinylacetylene (VA), and methylenecyclopropane (MCP), as well as

distinct GH4*" populations were observed, one of which Was h¢'transition states for their formation from methyleneallene (MA) by
assigned to the vinylacetylene radical cation (VA), so we must QCISD/6-31G* (normal) and B3LYP/6-31G* (italic).

also consider pathways leading to other isomers. In our above

search for LC2 we had found that this is a transition state which

leads from LC1 to a linear species with a shifted H-atom which /O)/'gg_‘ LuUMO
may be viewed as the radical cation of methyleneallene

CH,=C=CHCH" (MA). This has the same C/H connectivities 85

| S— VA
as methylenecyclopropene (MCP), which is over 30 kcal/mol
more stable. Indeed, the transition state connecting the two w{%— .
species (TS3) lies onkt4 kcal/mol above MA. Thus, the final

part of a pathway leading to one other isomeric cation, MCP,
was identified*?
The remaining two other stablelds"* speciesi.e., the radical
cations of butatriene (BT) and vinylacetylene (VA), require an tuvo
additional hydrogen shift to be formed from MA. Thus, we
located the transition state TS4 for shifting the single allenic
hydrogen in MA to the carbenic carbon to give BT as well as MA
that for shifting the same hydrogen to the central allenic carbon
to give VA, i.e, TS5. The corresponding structures are depicted
in Figure 10, while Figure 11 shows the change in the FMOs
during the decay of MA to the three stable isomers. There one
can see how H-shifts are promoted by localization of the LUMO
in a single p AO (or sp hybrid). Note that the FMOs at the
transition states do not necessarily correlate with those in the
products;i.e., some major changes in the wave functions may
still occur in the downhill parts of the potential energy surfaces.
Our earlier observation that the linear complex between
ethylene and its radical cation decays preferentially by a [1,3]

L TS3 —
hydrogen shift incited us to search also for an analogous

HOMO
pathway which would connect LC1 (or LC2) directly to VA. —Qj\\

We succeeded indeed in finding a corresponding transition staterjgyre 11. Change in the shape of the frontier molecular orbitals
on the B3LYP surface, but as this turned out totleeV above (FMOs) during the rearrangements of MA to MCP, BT, and VA,
TS5, we did not explore this any further. respectively.

HOMO

HOMO

LUMO

MCP
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220 - 1345
1.335
40 |-
L VA ] MCP (C,,) CB (D)
CB Figure 13. Geometries of stableneutral CsH, isomers by
\ QCISD/6-31G* (normal) and B3LYP/6-31G* (jtalic).
+
TABLE 4: Energies (kcal/mol) of Neutral C4H, Structures?
E_:_/ Relative to VA
neutral cesn(ry/
. . . . B3LYP/6-31G* CISD/6-31G* -pVT.
Figure 12. Schematic potential energy diagram for the AcAc*t CsHy Q b
reaction and the ensuing decay to stabil£ isomers, based on structure AE AR AE AR AE AB
CCSD(T)/cc-pVTZ energies (for the corresporglid K energies; see BT 1.91 1.56 9.02 8.73 8.19 7.90
Table 3). Solid bars represent minima; open bars, transition states. AtMCP 20.39 20.24  24.60 24.77 24.39 24.55
the CCSD(T)/cc-pVTZ level the equilibrium structure of LC1 lies 5.7 CB 36.61 36.62 34.83 34.78 33.74 33.69
kcal/mol below PC ¢f. Tables 2 and 3) VA E¢ —154.733 80 —154.238 22 —154.444 27
ZPHE 38.39 38.23 (38.23)
We are now in a position to compare the activation energies  aror B3LYP and QCISD optimized structures see Figuréingle
for the formation of all four stable {1, isomers from LC1,  point calculations at QCISD geometriesZPE taken from vibrational

the primary product of the reaction of At Ac*™ (see Figure analysis at the QCISD level.Total energies in hartree$Zero-point
12). Firstly, we note that the rearrangement of this to CB, which vibrational _energies in kilocalories per mole. In th& columns, the
retains the G-H connectivities of the incipient complex, is  ZPES refative to that of VA are added AE.

nearly activationlessc{. Figure 8). Conversely, formation of
the other isomers involves hydrogen shifts which appear to be
mediated by a localization of spin and charge, thus creating an
empty p AO for “accepting” the migrating H atom. This
localization to form LC2 occurs spontaneously at the HF level,
but the entailing reduction in electron correlation seems to make
this an uphill process in the final analysis (& kcal/mol by

Finally, we caution that our exploration of the,Hy
potential energy surface is by no means complete in that we
have only probed pathways connecting equilibrium structures
(minima) via transition states (saddle points). We cannot
exclude that some of the potential energy “valleys” have
bifurcationswhich may result in competing processes that elude
CCSD(T)lce-pVTZ), thus putting the ensuing rearrangements our attention. In particular it is conceivable that in_the course
at a disadvantage relative to the decay to CB. of _the decay of the loose complex, TC, structures W|_th Ipcahzed

) . . spin and charge such as LC2 may be formed diredtéy,

Among these rearrangements which occur all via the allenic \yiihout prior delocalization as in PC or LC1. Such pathways
carbene cation MA, the most favorable one is again that which ¢q,1d for example provide access to H-shifted isomers in
requires no further H shifts,e,, the collapse to MCP via TS3  competition with the decay to CB. However, such bifurcations
(Ea = 3.2 kecal/mol from MA), which furthermore turns out to  gre nearly impossible to locate, and, even if they could be found,
be the most stable of all £5* isomers. Of the two [1,2]  guantitative predictions would require dynamics calculations
hydrogen shifts which lead to the linear structures, the one giving pecause standard kinetics are no longer valid in such regions
BT via TS4 €. = 16.9 kcal/mol from MA) wins against the  of phase space. This is outside the scope of this work but could
other one via TS5 to VAHE, = 20.5 kcal/mol). be a challenging field for future investigations.

Note that the order of stabilities of the four stablgH@* 3.5. Performance of the B3LYP Method. Although DFT
isomers is different than that of the parent neutral compounds. methods are rapidly entering the mainstream of computational
For the sake of comparison we have calculated the energies ofchemistry, there is still a need to test them in different fields of
neutral VA, BT, CB, and MCP by the same methods we had application. It is in this perspective that we have carried out
used for the radical cations. These results are gathered in Tableghe entire search of the;84°" potential energy surface also by
4, while the structures are displayed in Figure 13. If we take the B3LYP method, which in our’s and other’s experience has
the CCSD(T)/cc-pVTZ numbers as a reference, then we note proven to be overall the most reliable of the current DFT models
that the~8 kcal/mol destabilization of butatriene relative to (others may be better for specific applications).
vinylacetylene is in reasonable agreement with the experimental We had already noted in previous sections a somewhat
estimate of arre10 kcal/mol enthalpy difference between the unexpected success of B3LYP in that its modeling of the weakly
two compoundd? Also, the ~9 kcal/mol destabilization of  bound neutral acetylene dimer proved to be in excellent accord
cyclobutadiene relative to methylenecyclopropane is within 1 with experiment and with high-level coupled cluster calculations.
kcal/mol of a recent G2 calculatidi#® Surprisingly the best agreement was obtained with the 6-31G*
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basis set which may be due to a fortuitous cancellation of errors cation (MCP), the most stabled," isomer, is strongly favored

but shows that the results obtained with this method cannot beover processes leading to the linear conjugated isomers,
systematically improved by going to large basis sets. Con- the radical cations of butatriene (BT) and vinylacetylene (VA).
versely, weakly bound ionmolecule complexes cannot be The above findings are in accord with condensed phase
described correctly by the B3LYP method due to its wrong experiments on alkylated acetylenes where the corresponding
asymptotic behavior which results in a failure to localize the CB derivatives were the only products observed. However, in
spin and/or the charge on dissociation, as elaborated in sectiorgas phase studies other parts or the potential energy surface
3.2. However, once one comes to the tightly bound regime appear to be accessed. (Introduction). Our results suggest
where spin and charge are delocalized, the description is agairthat this would need to involve a bypassing of the minimum

correct. energy pathways explored in this study. In particular, if a
Generally, B3LYP/6-31G* gives structures and energies in Potential energy valley leading to a product with delocalized
close agreement with our reference level of theaig,, spin and charge (such as LC1) would contain a bifurcation

CCSD(T)/cc-pVTZ energies at QCISD/6-31G* geometriefs ( directed toward a structure with localized charge that is well-
Figures 5, 6, 9, and 10 and Table 3), except for “soft’ disposed for H migration, this could result in competitive

coordinates in long-bond complexese( the angles in LC1) rearrangement_s to non-(CH}aomer;. . ,
or transition states €., the twisting angle of the Cigroup in The exploration of such mechanisms is outside the scope of

TS3). Interestingly, the greatest discrepancies in the energiesthis work which should therefore serve to lay the basis for future

are to be found among the stablgHz"+ isomers: whereas the experimental and computational work. In particular, a reex-
reference calculations predict BT to be about 8 kcal/mol less @mination of the products of the Ae Ac"™ reaction in an ion
stable than MCP, this difference is only some 3 kcal/mol in flow tube would appear to be an attractive target of investigation

B3LYP. This testifies to the overestimation of the stability of " x!e‘r']" of the prets%ntt rﬁSUItish'Chlfm re%rfngKemg:tlto VA
cumulenes by this method which is already borne out in the (whic was reported to have been observed by Knegrat. )
parent neutral compounds (see Table 4). The same is true forat a considerable disadvantage relative to other processes.
VA relative to MCP, but to a slightly lesser degree (2 kcal/mol
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