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Abstract  The potential energy surface for protonated
acetylene has been re-examined with large basis sets
and highly correlated methods. The energy difference of
3.6-3.8kcal/mol between the classical structure and
non-classical (bridged) structure computed with CCSD
(T)/cc-pVQZ, CCSD(T)/6-311+G(3df,2pd), BD(T)/cc-
pVQZ, BD(T)/6-311+G(3df2pd) and CBS-APNO
methods is in very good agreement with the best pre-
vious calculations, 3.7-4.0 kcal/mol. In contrast, BLYP,
B3LYP, PWO1, PBE and TPSS density functional meth-
ods do rather poorly, yielding —0.52. 0.29, 1.81, 2.16 and
0.62 kcal/mol, respectively, with the 6-311+G(3df,2pd)
basis. MP2 calculations predict the classical structure to
be a transition state; however, frequency calculations at
the CCSD/6-311+G(3df,2pd) level of theory show that
the classical structure is a local minimum. CCSD(T),
BD(T) and CBS-APNO energy calculations along the
MP2/6-311+G(3df,2pd) reaction path indicate that the
classical structure is a shallow local minimum separated
from the non-classical structure by a very small bar-
rier of 0.11-0.13 kcal/mol. Because the barrier for pro-
ton exchange between the non-classical isomers via the
classical structure is broad and nearly flat at the top, the
tunneling splitting should be reduced, possibly account-
ing for the 15% difference between the calculated and
experimental barrier heights.
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1 Introduction

For a seemingly simple molecule, protonated acetylene
(vinyl cation) has attracted more than its share of inter-
est and controversy. The structure of carbocations has
long been a subject of debate in the physical organic
community [1]. Protonated acetylene is one of the sim-
plest carbocations for which classical and non-classical
structures can be drawn. This prompted a number of
early computational studies [2-6]. While Hartree—Fock
calculations favored the classical structure, the addition
of electron correlation by perturbation theory or config-
uration interaction yielded the non-classical ion as the
more stable structure. At the other end of the scale,
the astrophysical community has become interested in
protonated acetylene in connection with the hydrocar-
bon chemistry of circumstellar and interstellar media
(for a overview, see Ref. [7]). This stimulated a num-
ber of experimental investigations, and these in turn
lead to more detailed theoretical studies in recent years.
Although it was detected in the 1930s by mass spectros-
copy, protonated acetylene was first observed in IR spec-
troscopy by Oka and co-workers in 1985 [8]. Coulomb
explosion experiments showed that the ion adopted a
non-classical structure [9,10]. Further work on the IR
spectrum also provided evidence for the non-classical
isomer [11,12]. The results of millimeter-wave spectros-
copy agreed that protonated acetylene has a non-classi-
cal geometry [13-15]. A photoionization study of vinyl
radical supplied additional support for the non-classi-
cal structure [16]. The energy difference between the
classical and non-classical structures is relatively small,
leading to tunneling splittings in the rotational and IR
spectra of CoH3™ [11,14,17]. These splittings imply bar-
rier heights of 1,400-1,600 cm™!.
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The experimental probes of the structure and ener-
getics of protonated acetylene prompted quite a num-
ber of theoretical studies since the early 1980s. The
energy difference between the classical and non-clas-
sical structures has been calculated with almost every
correlated level for theory—MP2, MP2-R12 [18], MP4
[19], CI [20], CCSD(T) [21,22], MRCI [21,22], ACPF
[22], MR-CEPA [23], G1 [24], G2 [25], etc. The basis
sets are typically at least triple-zeta quality with mul-
tiple polarization functions but often are much larger.
Second order Mgller—Plesset perturbation theory tends
to overestimate the energy difference [18]. MP4 [19],
CCSD(T) [21,22] and MRCI [22] calculations are sig-
nificantly better, predicting energy differences in the
range 3.0-4.6kcal/mol. Lindh et al. [22] have proba-
bly carried out the most extensive calculations and find
3.7-4.0 kcal/mol for the classical/non-classical electronic
energy difference without zero point energy. By com-
bining their various calculations, their best estimate of
the difference is 4.2+0.7 kcal/mol [22]. Vibrational fre-
quency calculations by SCF [26], MP2 [27] and CISD
[20] methods with small basis sets predict both the non-
classical and classical structures to be local minima, but
larger basis MP2 frequency calculations predict the clas-
sical structure to be a transition state [22]. For a floppy
molecule such as C;H3™, the rovibrational states are
readily classified by non-rigid group theory [28]. The
tunneling splittings have been calculated with a num-
ber of model Hamiltonians [11,14,15,17,29-31] and are
consistent with barriers of 1,400-1,600 cm~! (4—4.5kcal/
mol). The dynamical behavior of C;H3™ has been sim-
ulated using the Car-Parrinello method [32-34]. In this
approach, the electron density is propagated by density
functional theory using an extended Lagrangian while
the nuclear dynamics are treated by classical mechanics
or path integral methods. These calculations have shown
quantum corrections to be important and have demon-
strated that proton exchange occurs by tunneling and
thermal activation [33,34].

In the present paper, we have re-examined proton
exchange in C;H3™ in preparation for constructing an
analytical function of the potential energy surface. Spe-
cifically, we have calculated the reaction path between
the classical and non-classical structures, and computed
energies along this path at a number of different levels
of theory, including CCSD(T), BD(T) and CBS-APNO.

2 Methods
Calculations were performed using the Gaussian suite

of programs [35]. Optimized geometries and harmonic
vibrational frequencies were calculated with the
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6-311+G(d,p) and 6-311+G(3df,2pd) basis sets [36,37]
at the MP2 and CCSD levels of theory. Energy differ-
ences between the optimized structures were calculated
at the MP2, MP4, CCSD, CCSD(T) [38], BD [39] and
BD(T) [39] levels of theory with the cc-pVQZ [40] and 6-
311+G(3df,2pd) [36,37] basis sets, and with the G2 [41],
G3 [42] and CBS-APNO [43] methods. Energy differ-
ences were also calculated using BLYP [44,45], B3LYP
[46], PWI1 [47], PBE [48] and TPSS [49] density func-
tional methods with the 6-311+G(3df,2pd) [36,37] basis
set. The intrinsic reaction coordinate (IRC—steepest
descent reaction path in mass-weighted Cartesian coor-
dinates) was calculated at the MP2/6-311+G(3df,2pd)
level of theory [50]. Single point energy calculations
were carried out at points along this path with various
levels of theory.

3 Results and discussion

The optimized geometries at various levels of theory
are illustrated in Fig. 1. Increasing the basis set from
6-311+G(d,p) to 6-311+G(3df,2pd) shortened the CC
and bridging CH bonds by 0.007-0.008 A, and the non-
bridging CH bonds by 0.003-0.005 A while the angles
change by less than 0.2°. Lindh et al. [22] observed simi-
lar changes as they increased the basis set. Our results at
the MP2/6-311+G(3df,2pd) level agree with MP2/TZ2Pf
calculations of Lindh et al. to within a few thousandths
of an Angstrom and fractions of a degree. Improving
the level of theory from MP2 to CCSD increased the
CC bond by 0.007-0.008 A and the bridging CH bond
by 0.002-0.003 A; the other CH bonds and angles change
very little. These small systematic changes have almost
no effect on the energy differences.

The energy differences at various levels of theory are
summarized in Table 1. Older work based on Hartree—
Fock calculations found the classical structure to be the
lowest energy, but all calculations at MP2 and higher
levels of electron correlation agree that the non-classical
structure is more stable. Energy differences calculated
with the cc-pVQZ basis set ([5s,4p,3d,2f,1g/4s,3p,2d,1f],
Ref. [40]) and 6-311+G(3df,2pd) [36,37] basis set give
results that agree with each other to within 0.1 kcal/mol
for a given level of theory. This suggests that the pres-
ent calculations may be near the basis set limit. Both
the MP2 and MP4 calculations overestimate the energy
difference, while CCSD underestimates the energy
difference. Because the differences in geometry are so
small, going from MP2 optimized geometries to CCSD
changes the CCSD total energy by less than 0.05 kcal/
mol. The triples corrections for the CCSD and BD
calculations are quite important, increasing the classical/
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Fig. 1 Optimized geometries of a non-classical C;H3 ™, b classi-
cal CoH3T and c the transition state between the classical and
non-classical ions. For a and b, the values listed from top to
bottom are MP2/6-311+G(d,p), MP2/6-311+G(3df,2pd), CCSD/6-
311+G(d,p) and CCSD/6-311+G(3df,2pd); for ¢ only the CCSD/6-
311+G(3df,2pd) values are shown

non-classical energy differences by 0.6-0.9 kcal/mol. In
the BD method, the orbitals are optimized to eliminate
the 77 amplitudes in the coupled cluster expansion [39],
whereas the CC calculations use the Hartree—Fock orbi-
tals in the reference determinant. The good agreement
between the CCSD(T) and BD(T) calculations suggests
that the effect of optimizing the orbitals in MCSCF cal-
culations is probably small. The G2 compound method
agrees well with the CCSD(T) calculation (as would be
expected from the additivity assumptions used in this
method [41,42]). The CBS-APNO method extrapolates
the MP2 energy to the complete basis set limit and adds
corrections from QCISD(T) calculations to account for
higher order effects. The present CCSD(T), BD(T) and
CBS-APNO calculations agree to within 0.1 kcal/mol
with the CCSD(T) calculations of Lindh et al. [22].

Table 1 Energy differences for classical and non-classical proton-
ated acetylene

Theory AE E*

MP2 8.692, 8.76°

MP4 5.382, 5.43P

CCSD 2,782, 2.87° 0.442, 0.42f, 0.428
CCSD(T) 3.66%, 3.74P 0.072, 0.05, 0.118
BD 3.062, 3.16° 0.402, 0.37f, 0.48¢8
BD(T) 3.632, 3.71° 0.082, 0.06', 0.13¢
G2 3.60

G3 2.92

CBS-APNO 3.84 0.11f

MRCI 4.15¢ 0.66"

CEPA 3.61¢ 0.39h

CCSD(T) 3.684

MRCI+Q 4.02¢

ACPF 3.93¢

In kcal/mol without zero point energy, AE = classical —
non-classical, E¥ = transition state — classical

2 cc-pVQZ basis set with the CCSD/6-311+G(3pf,2pd) optimized
geometry

b 6-311+G(3df,2pd) basis set with the CCSD/6-311+G(3pt,2pd)
optimized geometry

¢ [5s 4p 2d 1f/ 3s 2p] ANO basis set with CASSCF/DZP
optimized geometry, Ref. [23]

d'[5s 4p 3d 2f 1g / 4s 3p 2d] ANO basis set with CPF/TZ2P
optimized geometry, Ref. [22]

€ [6s 5p 3d 2f / 4s 3p 2d] ANO basis set with CPF/TZ2P
optimized geometry, Ref. [22]

[ using the CCSD/6-311+G(3pf,2pd) optimized geometries of the
transition state and the classical ion

€ maximum along the MP2/6-311+G(3pf,2pd) reaction path

" maximum along the CPF/TZ2P reaction path

Density functional theory (DFT) calculations have
been used in Car—Parrinello simulations of the dynam-
ics of protonated acetylene [32-34]. The DFT electronic
energy differences (without zero point energy) between
the optimized classical and non-classical structures of
CyHst are —0.52.0.29, 1.81, 2.16 and 0.62 kcal/mol with
the BLYP, B3LYP, PWO91, PBE and TPSS functionals,
respectively, using the 6-311+G(3df,2pd) basis set. Simi-
lar problems have been noted for propyne —allene isom-
erization, and for larger hydrocarbon isomer energies
(see [51,52] and references therein). Since these pop-
ular functionals perform rather poorly on the energy
difference, considerable caution is necessary in choos-
ing an appropriate exchange—correlation functional for
Car—Parrinello simulations of the dynamics.

The calculated harmonic vibrational frequencies at
the stationary points are collected in Table 2. The pres-
ent MP2 results are in good agreement with the previous
MP2/TZ2Pf calculations [22]. With both basis sets, the
present MP2 calculations show the classical structure
is a transition state with a small imaginary frequency
(72i-195i cm~1). However, the CCSD/6-311+G(d,p) and
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Table 2 Harmonic vibrational frequencies and infrared intensities

Symmetry MP2 MP2 CCSD CCSD IR
6-311+G(d,p) 6-311+G(3df,2pd) 6-311+G(d,p) 6-311+G(3df,2pd) Intensity
Non — classical CoH3T
by 662.7 706.4 521.8 591.3 25.4
ap 585.9 604.7 581.1 621.2 0.0
by 778.6 764.5 778.8 771.4 106.8
ay 927.7 916.0 933.8 925.6 46.0
by 1312.0 1327.3 1261.0 1280.3 5.0
ay 1916.9 1926.1 1956.5 19714 7.5
ay 2410.1 2399.8 2394.8 2393.3 80.0
by 3311.1 3292.9 3297.1 3282.2 384.5
ay 3411.4 3393.2 3403.4 3388.9 0.0
Classical CoH3T
by 72.4i 194.8i 284.9 240.5 33.9
by 685.7 681.9 633.2 632.8 442
by 823.8 811.3 851.2 851.8 100.6
by 1108.2 1095.8 1101.6 1092.0 1.0
aj 1174.2 1167.5 1205.8 1205.7 77.7
ay 1754.6 1770.6 1726.1 1745.2 61.7
aj 3032.4 3033.1 3045.3 3039.9 266.2
by 3109.7 3110.2 3119.6 3114.5 189.8
aj 3337.8 3315.9 3316.6 3303.4 118.8
Classical — non-classical transition-state
a 320.6i 48.0
a”’ 647.3 24.2
a”’ 805.8 114.5
a 1036.6 4.4
a 1167.2 55.7
a 1822.8 44.8
a 2833.9 211.2
a 3229.6 307.0
a 3320.7 473

Frequencies in cm ™!, intensities in km/mol at the CCSD/6-311+G(3df.2pd) level of theory

CCSD/6-311+G(3df,2pd) frequency calculations find that
the classical structure is a local minimum, with a small

positive frequency corresponding to the proton exchange
vibrational mode (285 and 240 cm™!, respectively). The

fact that earlier calculations found no imaginary fre-

quencies for the classical structure at the SCF [26], MP2

[27] and CISD [20] level is probably an artifact of the

small basis sets used in these calculations. However, the

large basis set MRCI and CEPA calculations of Lindh

et al. [23] do find the classical structure to be a minimum,

and find a barrier of 0.4-0.7 kcal/mol for the rearrange-

ment. Pople found a similar transition structure and low

barrier at the MP2/6-31G(d) level of theory, but this

barrier disappeared at higher levels of theory [19].

To probe the nature of the potential energy surface,
we calculated the intrinsic reaction coordinate at the
MP2/6-311+G(3df,2pd) level of theory, and obtained
the energy at various levels of theory along this path.
Like the IRCMAX method [53], this approach assumes
that the energy profile perpendicular to the path is less
sensitive to the level of theory than the energy pro-
file along the path. The results are shown in Fig. 2. At
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the MP2 level, the barrier is broad and too high. The
MP4 level reduces the barrier significantly, producing a
relatively flat profile near the classical structure. The
CCSD method underestimates the energy difference
and shows a distinct minimum at the classical structure,
in agreement with frequency calculations. The minimum
still exists at the CCSD(T) level, but is more shallow.
The BD and BD(T) calculations parallel the CCSD
and CCSD(T) results, respectively. Calculations with the
CBS-APNO method yield an energy profile nearly iden-
tical to CCSD(T) and BD(T). Thus, our highest levels
of theory agree in predicting that the classical structure
is a shallow minimum on the potential energy surface.
The energy barrier for the classical to non-classical rear-
rangement is only 0.11-0.13 kcal/mol, most likely too
small to support a bound vibrational level for the clas-
sical structure. Nevertheless, the shape of the barrier
should have an affect on the tunneling splitting. The
broad and flat nature of the energy profile should reduce
the tunneling splitting from what might be estimated
from the barrier height alone. This may contribute to
the difference between the barrier height deduced from
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Fig. 2 Energy profiles along the MP2/6-311+G(3df,2pd) intrin-
sic reaction coordinate at the MP2, MP4, CCSD, CCSD(T), BD
and BD(T) levels of theory with the 6-311+G(3df,2pd) basis and
CBS-APNO level of theory

experiment and obtained from the highest level calcula-
tions.

The CCSD energy profile along the IRC was used as
a starting point for optimizing the transition state. The
CCSD/6-311+G(3df,2pd) optimized geometry is shown
in Fig. 1c, and vibrational frequency calculations at the
same level confirm this structure is a transition state
(see Table 2). The energy and geometry are nearly iden-
tical to maximum along reaction path, thus validating
the approach used for Figure 2. The present estimate of
the barrier along the reaction path, 0.11-0.13 kcal/mol,
is somewhat smaller than the MRCI and CEPA calcu-
lations of Lindh et al. [23] (0.7 and 0.4 kcal/mol, respec-
tively). Subsequent electronic structure investigations
have not considered the flatness of the C;HJ potential
energy surface around the classical ion, and have not
looked for a transition state between the classical and
non-classical ions. Future dynamics studies will need to
take these features of the potential energy surface into
account.

4 Conclusions

The potential energy surface for protonated acetylene
has been re-examined with large basis sets and highly
correlated methods. The computed energy difference
between the classical and non-classical structures is in
very good agreement with the best previous calculations
[22]. However, unlike the most recent calculations, the
classical structure is found to be a local minimum, sep-
arated from the non-classical structure by a very small
barrier. Contrary to past assumptions, the barrier for

proton exchange is quite broad with a nearly flat top.
This should have a significant effect on the tunneling
splitting, and could account for the difference between
the calculated and experimental barrier heights.
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