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Abstract

The dynamjcs of CH;’, a highly reactive intermediate with no equilibrium structure,
was studied by measuring the IR spectra for internally cold CH} (Hz). (n=1,2,3) stored
in an ion trap. First principle molecular dynamics method was used to directly simulate
the internal motion for these ionic complexes. The combined experimenta.l and theoretical
efforts substantiated the anticipated scrambling motion in the CH} core and revealed the
effect of the solvent Hy in slowing down the scrambling. The results proved, for the first
time, the feasibility to stabilize the floppy CH;‘ by solvent molecules, making it amenable

to spectroscopic study.
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Protonated alkanes are highly reactive intermediates in the acid-catalyzed transfor-
mations of hydrocarbons pioneered by Olah and coworkers.! These carbonium ions are
known to form a three-center two-electron (3c2e) bond, having pentacoordinated carbon
atoms and bridged hydrogens.? CH;’, being the simplest one, has attracted considerable
attention from both experimentalists and theoreticians over the last two decades.®* Re-
cent ab initio calculations at the most sophisticated level, performed by Schleyer, Schaefer,
and coworkers,® predicted the eclipsed C, (e-C,) symmetry to be the global minimum en-
efgy structure. However, the calculated energy differences between the e-C; structure and
others such as the staggered C; or Cy, structures were very small and became negligible
when corrected for zero point vibrational energies. As emphasized by Scuseria in a recent
Nature editorial,® these results “clearly indicated that for all practical purposes CHY does
not have a unique, stable equilibrium structure. The hydrogen atoms are predicted to
scramble almost freely among multiple equivalent minima.”

Studying the dynamics of such internal motion is quite challenging. Experimentally,
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry.was used to characterize
indirectly the structure of CH;, but the results were inconclusive.> Much effort has been
made to obtain high resolution infrared (IR) spectra for CH;, with little success, probably
due to the scrambling of CH{ even at low temperatures, which caused significant spectral
- congestion. Theoretically, elucidation of the scrambling motion in CH;~ requires us to go
beyond conventional quantum chemistry methods which essentially treat a molecular or
jonic system as a static entity. Molecular dynamics (MD) method” would be ideal for such
a floppy system, but unfortunately construction of a pbtentia.l surface for such an ion with
strong and complex chemical interactions is an impossible task.

We report an attempt to overcome these difficulties by a combination of state-of-the
art experimental and theoretical techniques. These have been directed to a study on the
dynamics of the scrambling motion of core CH7 in molecular hydrogen solvated carbonium
ions CH;(Hg )n (n=1,2,3). "The motivation was the notion that the interactions between
the core CHY ions and the Hy molecules are weak enough to cause only a minor per-
turbation to CH, yet strong enough to slow down the scrambling motions. Preliminary
experimental results on CHZ (Hz) were reported very recently.®

Ion trap vibrational predissociation spectroscopy was used to measure the IR absorption
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of CH;’(Hg )a (n=1,2,3). The experimental setup has been described in detail previously.®
Briefly, internally cold CH7 (Hz)» (n=1,2,3) ions were produced from a high pressure and
low current corona discharge source and subsequent supersonic expansion. The ion source
was maintained at the optimum temperature for each kind of ionic complex to maximize
the ion intensity. After several stages of ion optics to shape the beam, the ions were
mass-selected by a 60° magnet sector analyzer, decelerated to less than 0.5¢V translation
energy, and focused into a radio frequency octapole ion trép. They were trapped there
for ~ 2msec. This was a very important step during which metastable ions decomposéd
and radiative cooling took place for internally hot ions. The trapped, mass-selected ions
were then vibrationally excited with a pulsed, tunable IR laser in the frequency region
of 2600-3200cm~>. When such an IR photon was absorbed, CHJ (H;)» (n=1,2,3) vibra-
tionally predissociated into CH;’ and nHj. The ions were then extracted and filtered by
a quadrupole mass spectrometer tuned to pass only the daughter ions CH;’ which were
then detected by a Daly ion detector.!® The intensity of the CH; signal as a function of
laser frequency was a measure of the IR absorption of CHY (Hz)» (n=1,2,3). Such a com-
bination of a cold ion source and an ion trap made it possible for the direct spectroscopic
measurement on internally cold CHZ (H,). (n=1,2,3) ions exclusively.

In theoretical caicula.tions, we used the first-principle MD method to simulate
CHY (H2)a (n=1,2,3) dynamics at finite temperatures. Pioneered by Car and Parrinello,
this method calculates the potential energy and forces on atoms, within the framework of
local density functional theory, at each point along the classical Newtonian trajectory.!!
Very recently this method was successfully -applied to floppy ions such as CH and C,H .}2
In our calculations, a complex ion was seated in an fcc lattice cell with a lattice parameter
of 30 a.u., so that a plane wave basis set can be used while the interaction between ions in
adjacent sites is negligible. The cutoff energy of the plane wave basis set was 20.0 Rydberg.
Vanderbilt type pseudopotentials were used for both C and H atoms. Direct simulation of
the internal motion for CHY (Hz)» (n=1,2,3) gave considerable insights into the solvation
effects of Hy for CH;*'. |

The experimental IR spectra for CHY (Hz). (n=1,2,3) are shown in Fig. 1. These spec-
tral features are due to C—H stretching modes in the core CH}. Three stretching bands

were predicted by ab initio calculations!® in this frequency range, and the solid lines in
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Fig. 1 are the results of a least squares fit with three gaussian peaks shown as dashed
lines. These peaks are fairly broad, indicating spectral congestion due to the scrambling
motions of the core CH. However, as the number of solvent Hj increases, the IR spectra
become better resolved. The trend seems to indicate that the scrambling motion in core
CH;’ slows down as more Hy molecules are attached to it.

First-principle MD results corroborate the experimentally observed trend. The evo-
lution of H-H distance during 40,000 time steps (a total of ~ 3psec) of simulation for
CH{ (Hz)n (n=0-3) is shown in Fig. 2. The temperature of these simulations was about
100K corresponding to an average internal energy of 0.3 kcal/mol, calculated from ab tnitio
frequencies.®31% The structure shown in Column D of Fig. 2 is an e-C, structure, and can
be used as a reference for discussion, although CHY was not restricted to this structure.
The three H atoms, H1, H2 and H4, formed three strong C-H bonds, while H3 and H5
formed a 3c2e bond with the C atom. This electron deficient 3c2e bond was characterized
by a short H-H distance (< 1.5A). During the entire simulation, all H-H distances fluctu-
ated between 1.0-2.2A, and the 3c2e bond could be formed among any pair of H atoms,
in agreement with the previous theoretical predictions that CHZ does not have a stable
structure.®

For CH{ (H3), shown in Column A of Fig. 2, the CHZ core remains floppy. For exam-
ple, both H3-H4 and H3-H1 distances showed considerable fluctuations similar to those
observed for CH'S*'. However, the Hy molecule was always bound to the H3 atom during
the entire simulation. Moreover, when Min(H3-Hn), which is the minimum value of the
distances between H3 and any one of the other H atoms in the CHY core, was compared
with the corresponding Min(H1-Hn), the former fluctuated much less and had a smaller
average value than the latter. This is an indication that the 3c2e bond is more or less
localized around H3, a slight yet interesting change in the scrambling motion of CHJ" core.

For CH7 (H;)z, shown in Column B of Fig. 2, the stabilization effect of two weakly
bound H; becomes more prominent. The two Hz molecules were always bound to H1
and H2 of the core CH} respectively, and the H1-H2 distance stayed around 1.2A with
remarkably small fluctuation. This suggests that the 3c2e bond is localized to the carbon
atom and the two H atoms weakly bonded to the two solvent H; molecules. It could be

explained by the electron deficiency in the 3c2e bond which attracts the two solvent Hj
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molecules. In contrast, the other three H atoms continued to go through large amplitude
motions such as CH3 internal rotation, as indicated by the large fluctuations in H1-Hn
distance in Column B of Fig. 2.

For CHF (H)s, shown in Column C of Figure 2, the CHJ core becomes semi-rigid.
Three Hy molecules were bound to H1, H2 and H3 in the CH;’ core, respectively, during
the entire simulation. The in-plane wagging motion of H2 between H1 and H3 contributed
to the slightly larger fluctuations in the H1-H2 and H2-H3 distances than in the H1-H2
distance for CH;’(Hz)z. However, the fluctuations in the H1-H4 and H2-H4 distances
were only 0.4A, indicating a considerable slowdown in the CH{ scrambling motion, and in
agreement with the experimentally observed trend.

A better understanding of the IR spectra shown in Fig. 1 was facilitated by the in-
sight into the dynamics of the scrambling motion as discussed above and by comparison of
the experimental spectra with the computed power spectra for CHZ (Hz), (n=1,2,3). The
power spectra, obtained from the first-principle MD simulation, are plotted in F1g 3 with
the vibrational density of states (DOS) as a function of frequency. Anharmonic coupling,
‘which is very important for the floppy CH{ yet difficult to account for in ab initio calcula-
tions, is naturally included in a power spectrum calculated by the Fourier transform of the
velocity correlation function.” For CHJ (Hz), in spite of the stabilization effect of Hj, the
CH{ remained very floppy, and strong anharmonic couplings among vibrational modes
were expected. Nonetheless, the center of the experimental spectrum at 2965cm™! was
only 27cm™! red-shifted from the average C-H stretching frequency of CHy (2992cm‘1),
reflecting the fact that when a hydrogen atom in CH;’ does not participate in the 3c2e
| bond, its corresponding C—H bond is similar to the C—H bond in CH4. The three features
in the power spectrum, shown in Fig. 3A, could be correlated with the broad feature with
two shoulders in the experimental spectrum (Fig. 1A). The calculated frequencies were
around 10% lower than the experiment. Such discrepancy was likely due to slight imper-
fectioﬁ in the pseudopotential. Mismatch in the intensities could be due to the fact that
the plot shown in Fig. 3 is for DOS, rather than for IR intensity.

For CH;’(Hz)z the 3c2e bond was localized to H1-C—-H2, which slowed down the
scrambling of the CHJ core considerably. However, the scrambling of the other three C-

H bonds was still extensive, and strong anharmonic couplings for the vibrational modes
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involving these three bonds were again expected. Two features were observed in the IR
spectrum of CHY (Hz), (Fig. 1B), and the low frequency shoulder observed for CHF (H3)
was no longer present. The broad and intense feature, centered at 2957cm™?, could be
due to two strongly coupled C-H stretching modes, while the narrow feature, centered at
3078cm ™, could be due to another less coupled C-H stretching mode. The power spectrum
for CH7 (Hz); (Fig. 3B) was in remarkably good agreement with experiment (Fig. 1B).
For CHY (Hz)3, the CHZ core was semi-rigid with internal scrambling considerably hin-
dered. The presence of three partially resolved features in the experimental IR spectrum
(Fig. 1C) is also suggestive of the semi-rigid nature of the CH7 core in CHZ (H;);. It
is interesting to notice that the observed frequencies (2892, 2977, 3062cm;1) match well
with the three ab initio CHj stretching frequencies, for e-C, CHZ (2891, 2993, 3079cm ~1)°
and e-C, CHJ (H) (2898, 2998, 3081cm~1)13. It suggests that the CHJ core in CHF (Ha)s
possesses an e-C, structure. The power spectrum for CHF (H;)3 in Fig. 3C shows one sharp

feature around 2800cm™! and two sharp features around 2500cm™1.

The discrepancy is
probably due to the underestimation of the potential barrier for the in-plane wagging mo-
tion of H2 between H1 and H3 (see Fig. 2C) and as a consequence the 3c2e bond was
quite delocalized in our simulation. Preference for the delocalized 3c2e bond in CH;’ has
also been observed in the previous density functional quantum chemistry calculations.!*
“This work clearly can be extended in two ways. First, a high resolution study on the
vibration-rotational transitions of the solvent molecules in CH{ (Hz)n (n=1,2,3) will give
additional information on the structure and dynamics of CH;’, since the vibrational tran-
sitions are not strongly coupled to the floppy CH core, buf still sample the structural
parameters of the core ion. Secondly, inclusion. of gradient correction in the local den-

sity functional calculation embedded in the ﬁfst-principle MD simulation may improve the

accuracy of the potential energy and of the simulation results.
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Figure Captions

Figure 1 Experimental IR Spectra of CHJ (H2)» (n=1,2,3) for the C-H stretching modes:
(A) CHF (Hz); (B) CH{ (Hz)z; (C) CH (Ha)s.

Figure 2 Evolution.of the H-H distances in the CH;’ core during the first principle MD
simulation: (A) CHF (Hz); (B) CHZ (Hz),; (C) CHZ (Hz)s; (D) CHY.

Figure 3 Power Spectra obtained from first principle MD simulation: (A) CH7 (H); (B)
CH{ (H2)2; (C) CHF (Hz)s.
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