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Abstract: The nuclear vibrational wave function and zero-point vibrational energy of CHs™ are calculated
using quantum diffusion Monte Carlo techniques on an interpolated potential energy surface constructed
from CCSD(T)/aug'-cc-pVTZ ab initio data. From this multidimensional wave function, the vibrationally
averaged rotational constants and radial distribution functions for atom—atom distances within the molecule
are constructed. It is found that the distributions of all 10 H—H distances are bimodal and identical. The
radial distribution functions obtained for the five C—H distances are also identical, but unimodal. The three
rotational constants were found to be 3.78, 3.80, and 3.83 cm™. These values indicate that the ground
state of CHs" is significantly more symmetric than its global minimum energy structure. We conclude that

the zero-point motion of CHs™"
assignment of a unique structure to the molecule.

renders all five protons equivalent in the ground state and precludes the

Introduction

Since the discovery of the GHion in 1952 by Tal’'roze and
Lyubimova? there has been much speculation about its struc-
ture23 As the smallest protonated alkane, £ Hias been viewed
asthe prototypical nonclassical carbocatfoand its structure
is important in our understanding of many reaction mechantsms.

Debate has centered on whether this seemingly simple ion is

“fluxional”, that is, whether the five CKt protons are equivalent

and can exchange freely, or whether there is preference in the

quantum ground state for@; symmetry structure comprising

a more “standard” three-center two-electron bond. The recent

observation of the high-resolution infrared spectfwhCHs™

has further fueled interest in this species. Indeed it has been

described as chemistryGheshire Cat

Initially, in the absence of experimental and theoretical
evidence, all five hydrogens around the central carbon atom
were considered equivalehEarly theoretical investigations of
the electronic structure of G °~12 suggested it might consist
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of a pyramidal CH*" subunit bound to an Hmolecule, in aCs
symmetric arrangemert@y(l) (Figure 1a). Subsequent electronic
structure studié4-18 identified two other low-energy stationary
points on the global Ck potential energy surface (PESa
Cssymmetric structureCq(Il) (Figure 1b), which acts as a
transition state for Klrotation, and &C,,-symmetric structure
(Figure 1c), which acts as the transition state ferBHs proton
exchange. High-level calculations by Kutzelnigg and co-
workers!® with a basis set approaching the basis set limit,
showed that the relative energies of @gll) and Cy, structures
were 0.4 and 3.2 kJ/mol, respectively, above the global
minimum, Cy(1).

Results from ab initio electronic structure calculations are
often interpreted classically, in the sense that the “structure” of
a molecule is defined as the lowest energy geometry on the
Born—Oppenheimer PES. In systems where the global minimum
lies at the bottom of a deep well, this “structure” generally
corresponds quite closely to that obtained by averaging over
the nuclear vibrational wave function. For these systems, the
traditional notion of molecular structure as small-amplitude
vibrations about a well-defined, rigid backbéhis both accurate
and useful. However, as has been pointed out previgdsIse
this interpretation is not valid for systems such assCtthich
have multiple local minima with low barriers to interconversion.
These minima correspond to the 120 permutations of the five
identical protons in the structure shown in Figure 1a, all of which
are expected to be accessible at the zero-point vibrational energy

Komornicki, A.; Dixon, D. A.J. Chem. Physl987, 86, 5625.
Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. J. Rm.
Chem. Soc1981, 103 5649.

Schleyer, P. v. R.; Carnerio, J. W. de M. Comput. Chenml992 13, 997.
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106, 1863.
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Dover: New York, 1980.
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Figure 1. The three low-energy stationary point configurations ofs€H
(a) the global minimumC(1); (b) the transition state for Hrotation, Cs-
(I); and (c) the transition state for+CHjz; proton exchangeC,,.

of the molecular ion. As a result, the nuclear vibrational wave
function is unlikely to remain strongly localized to any particular
well.

Marx and Parrinello were the first to move beyond a classical
view of the structure of Ckf. They performed both ab initio
path integral molecular dynamics calculatiéhsn which the
nuclear vibrational and electronic wave functions were calcu-
lated simultaneously, and standard €Rarrinello molecular
dynamics calculation® in which the nuclei were treated
classically. It was concluded that, although £tk a fluxional

molecule which undergoes hydrogen scrambling and pseudoro

MP2/cc-pVTZ electronic energies and gradients calculated at
configurations determined from classical direct dynamics cal-
culations? In this work we use the modified Shepard interpola-
tion scheme of Collins and co-workeis 22 as implemented in
the Grow 2.2 packag®,to define the CH" PES, noting that
Bettend* has recently demonstrated the power of combining
this method with accurate ab initio electronic structure calcula-
tions and QDMC for the CkF molecule.

The next section presents the technical details of the calcula-
tions employed here. This is followed by a presentation of the
results and a discussion of their interpretation, and finally our
conclusions. The ab initio data used to construct thg'GPES
may be obtained as Supporting Information.

Computational Methods

There are three types of calculations involved in this work: the
development of the interpolated PES, the ab initio electronic structure
calculations, and the QDMC calculations of the nuclear vibrational
energy and wave function.

PES Interpolation. The modified Shepard interpolation scheme
developed by Collins and co-workéts®? has been described in detail
previously. For details we refer the reader to a recent re¥idniefly,
the potential energyy, is constructed as a weighted sum of second-
order Taylor polynomials about data points in a PES “data set”:

tations, the quantum ground state is nevertheless dominated by

configurations in which an fHmoiety is attached to a GH
group?! In a later comment, Marx and Parrinello indicated the
possibility that their simulation run may not have been long
enough to lead to complete hydrogen scrambiiray; observa-
tion which is supported by our results.

Bunker and co-workeféhave performed guantum vibrational
dynamics calculations with a model Hamiltonian based on
accurate CHk" ab initio data, but restricting the nuclear degrees
of freedom to the two lowest frequency modes. In particular,
their model did not allow for proton exchange between the H
and CH™ subunits.

In the present work we pin down the chameleon-like nature
of CHs™ by using quantum diffusion Monte Carlo (QDM&)2’
to calculate the zero-point energy of the €Hjround state, its
exact ground-state nuclear vibrational wave function, and

associated rotational constants on a PES interpolated from high

quality ab initio data.

V@)= w@T(2)

The coordinate& are linear combinations of reciprocal bond lengths,
chosen so as to be maximally independent at each data3d&ath
Taylor polynomialT; requires the energy, first and second derivatives
of the potential, which are obtained from ab initio calculations. Whe
are normalized weight functions that ens(@) has continuous first
derivatives and passes exactly through the data points. The sum is taken
over all data points and their images under the action of the complete
nuclear permutation (CNP) group. This ensures that the interpolated
potential energy given by/(2) is invariant to relabeling of identical
atoms, in this case the five hydrogens.

An essential feature of the interpolation scheme of Collins and co-
workers is that the PES is “grown” in an iterative fashion: each iteration
consists of a dynamics calculation, the selection of new data points,
and the calculation of ab initio data at these selected molecular

configurations. This cycle is continued until some observable calculated
on the interpolated PES ceases to change. In this sense the resulting

For a six-atom system with large-amplitude motions and many interpolated PES is adapted to the particular choice of observable, and

low-lying minima, such as C, we are aware of only three
means of representing the PES: direct ab initio calculation of
the potential energy every time it is required, fitting to a
functional form or interpolation. Direct (“on-the-fly”) calculation
of the potential energy in a QDMC simulation is not feasible at
high levels of ab initio theory because of the number potential
energy evaluations required. Direct dynamics calculations,
however, have been carried out on £ hising density functional
theory to evaluate the potential enefdy? Fitting the PES to

a functional form is also problematic: incorporating the full
5-fold nuclear symmetry is difficult and the actual parametriza-
tion of the PES is arbitrary. An analytic PES for €Hhas
recently been obtained by fitting a multinomial expression to

(21) Marx, D.; Parrinello, MNature 1995 375, 216.

(22) Marx D.; Savin, AAngew. Chem., Int. EA.997, 36, 2077.

(23) East, A. L. L.; Kolbuszewski, M.; Bunker, P. R. Phys. Chem. A997,
101, 6746.

(24) Anderson, J. BJ. Chem. Phys1975 63, 1499

(25) Coker, D. F.; Watts, R. QMlol. Phys.1986 58, 1113.

(26) Suhm, M. A.; Watts, R. OPhys. Rep1991, 204, 293.

(27) Lewerenz, MJ. Chem. Phys1996 104, 1028.

(28) Tse, J. S.; Klug, D. DPhys. Re. Lett. 1995 74, 876.

there is no guarantee that a data set for which one observable has
converged will be sufficient for some other observable.

In a recent study, Betteffsused the set of walkers from the QDMC
calculation at each iteration as a source of new molecular configurations.
In this study we have used classical trajectories to generate a sample
of new molecular configurations from which “the best” points are
chosen. Previous applications of the modified Shepard interpolation
scheme to reactive systems have also used classical trajectories to
sample molecular configuration spa€e®® Classical trajectory sampling
involved calculating five classical trajectories, using a velocity-Verlet
algorithm with a time step of 0.001 au and microcanonical sampling
of the initial conditions at total energies of 0.005, 0.01, 0.015, 0.02,

(29) Brown, A.; Braams, B. J.; Christoffel, K.; Jin, Z.; Bowman, J.MChem.
Phys.2003 119 8790. Brown, A.; McCoy, A. B.; Braams, B. J.; Zhong,
J.; Bowman, J. MJ. Chem. Phys2004 121, 4105.

(30) Jordan, M. J. T.; Thompson, K. C.; Collins, M. A. Chem. Phys1995

102 5647.

(31) Thompson, K. C.; Jordan, M. J. T.; Collins, M. &. Chem. Phys1998
108 8302.

(32) Bettens, R. P. A.; Collins, M. Al. Chem. Phys1999 111, 816.

(33) Thompson, K. C.; Crittenden, D. L.; Jordan, M. J. T.; Bettens, R. P. A;
Collins, M. A. Grow 2.2; for further details please contact the authors.

(34) Bettens, R. P. AJ. Am. Chem. So2003 125 584.

(35) Collins, M. A.Theor. Chem. Ac002 108 313 and references therein.
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0.025, 0.03, 0.035, 0.04, and 0.CB5above the global minimum energy 136.0
(Figure 1a). The classical trajectories were propagated for 200 000 time
steps (approximately 5ps) and trajectory configurations were saved
every 50 time steps and then sampled to provide further data points ~ 35°
for the PES data set. The trajectory total energy was incremented by
0.005E; after 20 data points were added to the PES data set. Similarly £
to the calculations of Betteri$ the alternatingh-weight® and rms*
scheme was used to select molecular configurations to become ne
interpolation data points. This strategy was designed to “build up” the
CHs"™ PES from low energy to high energy in an attempt to ensure that 133.0
configuration space in the region of the global minimum was adequately
sampled. The interpolation scheme itself introduces small errors in the
PES?° Despite this, classical trajectories calculated during the growth w2e o - o o o Ty 1o 1w
of the PES conserved energy to better thar 2077 E,. Number of Unique Data Points in PES

The five equivalent hydrogens in GHlead to a 120-fold increase  Figure 2. CHs" ground-state zero-point energy (kJ/mol) calculated from
in the size of the data set. In effect, our largest PES has 21 480 dataPES interpolated from 1, 20, 50, 100, 150, and 179 unique data points.
points, which is equivalent to 2.3 data points per degree of freedom. Error bars represent two standard errors of the mean, as calculated from 20
Previous work suggests that the modified Shepard interpolation would independent QDMC simulation tuns.
be expected to be extremely accurate in such circumstéhces. 0.1400

The initial CH" PES was defined by the single global minimum
energy configuratiorCl) (Figure 1a), and its 120 symmetry-equivalent
structures.

Ab Initio Calculations. Calculations were carried out using the
coupled-cluster method with single and double excitations and with
noniterative inclusion of triple excitations, CCSD(*F)** The Huzi-
nage-Dunning correlation consistent valence triple-split basis set with
diffuse functions on non-hydrogen atoms (aug-pVTZ)>* as
implemented in the Gaussian98 pack&yaas used for all ab initio
calculations. Only the valence electrons were explicitly correlated. First 3
and second derivatives of the energy were obtained by numericala .0200
differentiation, using central differences. A step size of 0.004 bohr was
used, which implies an error in the second derivatives of order 0.02 kJ 0.0000
mol,l bohrz. 0.8000 1.0000 1.2000 1.4000 1.6000

C-H distance (Angstroms)

Our choice of basis was motivated by the compromise between Figure 3. Averaged C-H radial distribution functions for the G ground-

accuracy and computational cost. The ‘atgpVTZ basis set is  state wave function calculated from PES interpolated from 1, 20, 50, 100,
5s4p2d2f on carbon and 3s2pld on hydrogen. Despite Schreiner andi50, and 179 unique data points.

co-workers’ findings that d-functions on the hydrogen atoms made

essentially no difference to the energywe were concerned about  mEp, or ~65 kJ/mol. However, relative errors in the energies of the

accuracy at geometries far from the global minimum. Nevertheless, Cg(Il) and C,, structures (Figure 1b,c) are expected to be less than 0.4

our basis is somewhat short of the basis set limit calculations'dfeMu ~ kJ/mol*8

et al*® From their work, it follows that our choice of electron correlation Quantum Diffusion Monte Carlo Calculations. The ground-state

method and basis set imply absolute errors in the energy of up to 25 zero-point energy, the nuclear vibrational wave function, and the CH
rotational constants were determined using the discrete weight quantum

(36) Brouard, M.: Burak, I.; Minayev, D.; O'Keeffe, P.: Vallance, C.; Aoiz, F.  diffusion Monte Carlo algorithdt-27 with energies calculated from an

135.5

134.5

134.0

gy (kJ

&3

133.5

132.5

0.1200

0.1000

0.0800

0.0600

ability Distribution (arb. units)

0.0400

J.; Bdrares, L.; Castillo, J. F.; Zhang, D. H.; Collins M. A. Chem. Phys interpolated PES. All QDMC calculations involved 1000 replicas

2003 118 1162. i initi i
(37) Moyano. G. E - Collins, M. AJ. Chem. Phys2003 119, 5510. starting from an |r_1|t|al ensemb_le genera_ted by random dlspla_ce_ments
(38) Collins, M. A.; Radom, LJ. Chem. Phys2003 118 6222. of up to 0.5 bohr in the Cartesian coordinates of the global minimum
(39) Thompson, K. C.; Collins, M. Al. Chem. Soc., Faraday Trank997, 93, energy configurationC(1) (Figure 1a). The ensemble was allowed to
(40) Betiens, R. P. A.; Collins, M. Al. Chem. Phys1998 109, 9728. equilibrate for 1_0 000 steps and SFaTIStICS were then collected for a
(41) Purvis, G. D., IIl; Bartlett, R. JJ. Chem. Phys1982 76, 1910. further 20 000 time steps. A step size of 1 au was used throughout.
(42) g(;gin' M.; Noga, J.; Cole, S. J.; Bartlett, RJJChem. Physl1985 83, Convergence of the PES was monitored, in terms of ground-state
(43) Bartlett, R. J.; Watts, R. J.; Kucharski, S. A.: NogaChem. Phys. Lett zero-point energy,_ground—state nuclear vibrational wave function, and

199Q 165, 513. ground-state rotational constants, after 1, 20, 50, 100, 150, and 179
(44) RﬁghavaChari, K.; Trucks, G. W.; Pople, J. A.; Head-GordonChkem. unique data points had been added to the PES by performing 20
(45) %uﬁiirl;gtt%gg? ﬁ?} g]ge'm_ Phys1989 90, 1007. independent QDMC simulation runs. The ground state, or zero-point,
(46) Kendall, R. A.; Dunning, T. H., Jd. Chem. Phys1993 96, 1358. energy on each PES was calculated as the average of the 20 values
(47) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358. obtained. The uncertainties quoted in the next section are twice the

48) Davidson, E. RChem. Phys. Lettl996 260 514. R .
2493 Fri;ltl:h, M. J.; Trucks, G. \);v Schleggl, Hg B.; Scuseria, G. E.; Robb, M. standard error of the mean, that is/N, whereo is the standard

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, deviation of the 20 energy values, aNd= 20.

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, . ; : P
K. N.: Strain, M. C.. Farkas, O.. Tomasi. J.. Barone. V.. Cossi, M.: Cammi, Wave function histograms were obtained by binning the atatom

R.: Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.:  distances in each replica at every time step of the simulation run and

FPQGEEFS?Z, <[3)- '??-; Ahyala, E’- _Y-I;(Ctléi, J.; Moroguga,cl_(-: IMa“Ig'k'JD'oKi; averaging over the 20 simulation runs. These one-dimensional histo-
anuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, A . .
J.V.: Baboul, A. GE.J; Stefanov. B. B.: Liu, G.: Liashenko, A.: Piskorz, p.. drams correspond ta#?y(r), wherer is the particular bond length in

Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,  question andy is the molecular wave functioft. The bond length
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; istributi i i

Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,; dr:strlbutlon_s presgnlted beZIO\'/:V. were gbtalgid Ey Slgalljmg b;trf/éndd
Gonzalez, C.; Head-Gordon, M.; Replogle, E.’S.; Pople, JGAussian then squaring to yieldi(r)|?. Figures 3 and 4 should be interpreted to
98; Gaussian, Inc.: Pittsburgh, PA, 1998. mean that the height of the curve represents the probability of the
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H-H distance (Angstroms) Figure 5. CHs" ground-state rotational constants (GHz) calculated from
Figure 4. Averaged H-H radial distribution functions for the G4 ground- PES interpolated from 1, 20, 50, 100, 150, and 179 unique data points.
state wave function calculated from PES interpolated from 1, 20, 50, 100, Error bars represent two standard errors of the mean, as calculated from 20
150, and 179 unique data points. independent QDMC simulation runs.

N i i ) ) convergence is provided by the nuclear vibrational wave
molecule being in a configuration with the corresponding value for function itself

that bond length. . . .
Vibrationally averaged rotational constants were obtained by rotating As a means of comprehending the 12-dimensional'Gtiave

the Cartesian coordinates of each replica into the Eckart ffaohéhe fur?Ction,w, we construct the Qistribgtions OT distances between
C{(l) minimum energy structure of Figure 1a, and accumulating the Pairs of atoms. These one-dimensional slices throygh)|?,
resulting inverted moment of inertia tensor using the descendant OF radial distribution functions, for the-6H and H-H distances
weighting algorithn?526 Descendents were followed for 110 000 steps, are shown in Figures 3 and 4, respectively. TheHCradial
with a new generation spawned every 400 steps, so that 20 generationglistribution function is observed to converge by 50 data points,
were followed simultaneously during the 20 000 step convergence and the H-H radial distribution function converges by ap-
calculations. All 120 permutations of each replica were included in proximately 150 unique data points.
the resu_ltlng average of inverted momenthof inertia tensors. Again, the During the initial stages of the QDMC simulation, the labeled
uncertamtlesI qLIJotedfbeIOV\;] repre_sent twice the standa_lrd Ierr_or of theH_H and C-H radial distribution functions were distinguish-
mean, as caicu ated from the 20 mdepende_nt QDMC simulation runs. able. Each H-H and C-H distribution function was unimodal,
All calculations reported here were carried out using facilities at . . . S .
the Australian Partnership for Advanced Computing (APAC). with ‘,3 peak in the relat've pr(?bab'“ty corrgspondmg to the
. . classical H-H or C—H distance in the&C4(l) configuration. The
Results and Discussion combined H-H radial distribution function was, therefore,
The zero-point energy of GHi as a function of the number  multimodal, with a peak at each +H distance that cor-
of distinct data points that define the global PES is illustrated responded to a classical-HH bond length. Similarly, the
in Figure 2. From this figure, we observe that the PES has combined C-H radial distribution function initially reflected
converged with respect to the calculation of the ground-state the classical €H bond lengths. As the QDMC simulation
energy to within+ 0.5 kJ/mol by 150 data points. The progressed, the labeled-HH and C-H radial distribution
converged fully anharmonic zero-point energy on our interpo- functions converged and became indistinguishable, indicating
lated PES was 132.72 0.16 kJ/mol, significantly lower than  that complete scrambling of the hydrogen atoms had occurred.
the CCSD(T)/augcc-pVTZ harmonic zero-point energy of the  The final, averaged €H and H-H radial distribution functions
global minimum energy structur€(l) (Figure 1a), which was  are illustrated in Figures 3 and 4, respectively, for the different
found to be 134.75 kJ/mol. These results compare with those PES considered.
of Bowman and co-worker® their CHs™ MP2/cc-pVTZ The C—H radial distribution functions illustrated in Figure 3
harmonic zero-point energy at tk() structure was 136.7 kJ/  are unimodal. This implies that the five protons are, on average,
mol and they reported preliminary QDMC calculations sug- €quidistant from the central carbon atom.
gesting an anharmonic zero-point energy of approximately 131  Figure 4 indicates that the +H distribution function is
kJ/mol. The best estimates of the harmonic zero-point energy bimodal. The bimodal distribution is consistent with 8l
of the three species illustrated in Figure 1 are 136.8 kJ/mol for and C(1l) structures illustrated in Figure 1, with the peak at
C4I), 136.4 kd/mol forCg(Il), and 132.0 kJ/mol for theCy, short H-H distance, approximately 0.95 A, representing the
structure!” Indeed Schreiner et al. scaled their harmonic Hz moiety, and the peak at 1.8 A representing nonbonded
frequencies by 0.95 in an attempt to estimate anharmonic interactions. It is instructive to observe the change inHH
effects!” Here we find that the ratio of the exact anharmonic distributions as the size of the potential energy data set is
zero-point energy on the CCSD(T)/awmg-pVTZ interpolated increased. While the “one-point” interpolated PES gives a
PES to the harmonic zero-point energy is 0.985. distribution with a clear CktH, structure, the distributions from
The zero-point energy appears to converge quickly, both in more complete P_ES are_signifi_cantly I_ower in the 0.95 A region
terms of number of QDMC diffusion steps and the size of the and correspondingly higher in the intermediate 1115 A

data set defining the PES. A more sensitive measure of PESegion. The ratio of the two peaks in the finatit distribution
is 1:3.6 and the saddle at 1.3 A is only 25% lower than the first

(50) lllustrations generated with VMD: Humphrey, W.; Dalke, A.; Schulten, peak. These features imply that the protons are not confined to
K, VMD ~Visual Molecular Dynamics). Mol. Graphics1996 14.1, 33~ the C4(l) local minima and that there is significant density at
(51) Pickett, H. M.; Strauss, H. L1. Am. Chem. Sod97Q 92, 7281. configurations far from “equilibrium”.
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Figure 6. Two views of a superposition of 83 high-probability walkers from a QDMC run on the 179-point PES.

The results obtained here are consistent with the earlier Conclusion
calculations of Marx and Parrinelfd.They found that the HH

D . ) The classical notion of molecular structure does not apply to
radial distribution functiontb K was multimodal and the-€H PRl

I o b .

ra_ldia_ll di_stribution function could be deconvolved to a bimodal ﬁli-:irﬁulr?nag;etrhéhsgsieén; Igér;golltl); %Iézggsér:ibaedsg;g;ens (r:]leegry

distribution. vibrational wave function that accesses large areas of confor-
The convergence of the three €Hrotational constants, mational space. All five hydrogen atoms in €Hpossess

B, andC, are illustrated in Figure 5 as a function of the number jgentical G-H and H-H radial distribution functions within

of unique data points in the PES data set. These values appeaghe nuclear vibrational wave function and are quantum mechani-

to converge for a PES defined by approximately 20 unique data cally equivalent. There is substantial proton scrambling, even

points. The converged values for the £Hyround state ar@ at 0 K.

=3.83+ 0.02 cn?, B=3.80+ 0.02 cnt?, andC = 3.78+ The ground-state C¥ wave function does have sor(l)
0.02 cn™. The corresponding values for ti@&(l) minimum character, as evidenced by the bimodal character of thel H
energy structure are 4.30, 3.93, and 3.62 riThe similarity  radial distribution function; however, there is considerable

of the three rotational constants suggests that the ground-statgjelocalization of the protons and the calculated rotational
CHs" structure is very nearly a symmetric top and significantly constants suggest that the €Hyround-state structure is more
more symmetric than the minimum enei@y(l) structure, Figure  symmetric than th€(l) global minimum energy configuration.

la. These results further support the notion that there is completeThe CH;+ chameleon has been unmasked, and it is indeed a
hydrogen scrambling in the GHground state, i.e., that all five  fluxional molecule.

protons are statistically equivalent.

Figure 6 shows two views of the superposifivof the 83
highest probability configurations from an ensemble of 1000
walkers equilibrated on the final, 179-point PES. Each geometry
was rotated into the Eckart fraffteof the Cq(l) structure of
Figure la. In Figure 6a, the three “methyl” protons are clearly
distinguishable to the right of the central carbon, and the H
subunit is a larger swarm of atoms on the left. Panel b, as Note Added in Proof: Since submission of this manuscript
indicated by the axes in the lower right-hand corner of both a full-dimensional MP2/cc-pVTZ PES has been constructed by
panels, is a Y0rotation of panel a, in which the methyl structure McCoy and coworkers by fitting 20633 ab initio data points to
is still clearly visible. Also visible in panel b, however, is the a polynomial expansion in the symmetry coordinates fosCH
structure of the Hisubunit: there appears to be some bias toward using 2303 coefficients [McCoy, A. B.; Braams, B. A.; Brown,
the C4(1) structure but the ring of atoms in the foreground, with  A.; Huang, X.; Jin, Z.; Bowman, J. M. Phys. Chem. 2004
the central carbon visible through the hole in the center, indicates 108 4991]. This surface has an rms fitting error of 51.0ém
that H rotation is essentially unhindered in the ground state. QDMC calculations performed on this PES [Brown, A.; McCoy,

The atoms directly above the carbon in panel a can be seenA. B.; Braams, B. A.; Jin, Z.; Bowman, J. M. Chem. Phys.
in panel b to lie between the methyl positions. As the number 2004 121, 4105] yield bond-length distributions qualitatively
of walkers included in the superposition was increased, thesesimilar to those reported here, with a lower ZPE and a higher
lower probability configurations filled out the remaining empty average rotational constant.
spaces and the carbon atom was obscured. The resulting image

was largely featureless and is not included. Nevertheless, theset_ Supportmg Inform;tlor: Avaga:Ie: _Geor?(:rt]ncdc?nflggr?- d
far from equilibrium configurations represent snapshots of the ons, energlis, gra FIﬁEnSS, an ”essE\n? 0 de da a points u’:se
proton scrambling mechanism in GH to construct the Ckt , as well as the “standard orientation

o L . .
With the observation of K rotation, the implications of Iunstg(:nfeotra(tjﬁtt. I;]Ijbn;isglilrls ?.Yg”é?(ljlvfrzeg Ofagrk]zrgeei\rﬁ&zsn
Fermi—Dirac statistics should be considered. The present P-/pubs.acs.org. <P 9, 9

calculations are performed within the Ber@ppenheimer PES interpolation code, is available from the authors.
approximation and ignore nuclear spin statistics. JA0482280
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