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Proton relays in anomalous carbocations dictate
spectroscopy, stability, and mechanisms: case
studies on C,Hs" and CzHz*+
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We present a detailed analysis of the anomalous carbocations: CoHs* and CzHsz*. This work involves
(a) probing electronic structural properties, (b) ab initio dynamics simulations over a range of internal
energies, (c) analysis of reduced dimensional potential surfaces directed along selected conformational
transition pathways, (d) dynamically averaged vibrational spectra computed from ab initio dynamics
trajectories, and (e) two-dimensional time—frequency analysis to probe conformational dynamics. Key
findings are as follows: (i) as noted in our previous study on CyHs", it appears that these non-classical
carbocations are stabilized by delocalized nuclear frameworks and “proton shuttles”. We analyze this
nuclear delocalization and find critical parallels between conformational changes in CoHs*, CoHs™, and
C3Hs™. (ii) The vibrational signatures of C,Hs* are dominated by the “bridge-proton” conformation,
but also show critical contributions from the “classical” configuration, which is a transition state
at almost all levels of theory. This result is further substantiated through two-dimensional time-
frequency analysis and is at odds with earlier explanations of the experimental spectra, where frequen-
cies close to the classical region were thought to arise from an impurity. While this is still possible, our

Received 15th August 2017, results here indicate an additional (perhaps more likely) explanation that involves the “classical” isomer.

Accepted 6th September 2017 (iii) Finally, in the case of CsHs* our explanation of the experimental result includes the presence
DOI: 10.1039/c7cp05577¢ of multiple, namely, “cyclic”, “straight”, and propargyl, configurations. Proton shuttles and nuclear

delocalization, reminiscent of those seen in the case of C,Hs*, were seen all through and have a critical
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|. Introduction

Anomalous carbocations have generated fundamental intrigue
in physical organic chemistry for several decades."” These non-
classical species are commonly seen in mass spectrometry
experiments,® have a large presence in extra-terrestrial gas
clouds,*® and are proposed intermediates in several bio-synthetic
pathways.” " Anomalous carbocations defy the classical defini-
tion of chemical bonding and allow protons to remain delocalized
between multiple carbon atoms, thus allowing multi-centered
two-electron “bonds”. There are several discussions in the
literature® > that emphasize the challenges these atypical bonding
moieties present to electronic structure theory through the apparent,
sometimes qualitative, disagreement between multiple levels of
theory in predicting isomer stabilization energies. There are far
fewer studies that take into account the dynamical nature of the
nuclear framework®”*®3? and still fewer that accurately account

Department of Chemistry and Department of Physics, Indiana University,
800 E. Kirkwood Ave, Bloomington, IN-47405, USA. E-mail: iyengar@indiana.edu
1 Electronic supplementary information (ESI) available. See DOI: 10.1039/c7cp05577¢

This journal is © the Owner Societies 2017

for nuclear quantization®*?'* due to the steep computational
cost associated with these calculations.

In ref. 32, through the use of ab initio molecular dynamics
(AIMD) and by inspecting critical quantum nuclear effects, it
has been shown that the seemingly simple C,H;" carbocation is
marked by delocalization and permutation of the three protons.
This leads to a representation of the molecular structure where
the three protons orbit the carbon skeleton in a fashion that is
reminiscent of the “Grotthuss proton shuttle mechanism”>*
widely invoked for the study of proton transfer in water and in
biological ion channels. This aspect was probed in ref. 32 using
a combination of electronic structure calculations at multiple
levels of theory, ab initio molecular dynamics simulations, and
by exploring the effect of nuclear quantization through analysis
of reduced-dimensional potential energy surfaces and by
establishing the effect of H/D-isotope substitution. Vibrational
properties were computed and the dynamical nature of the proton
shuttle process was further probed by exploring two-dimensional
(time-frequency) spectral signals. Nuclear quantum effects arising
from the subsystem of protons were considered from the reduced
dimensional potential surfaces mentioned above.
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(a)bridged

(b)classical

Fig. 1 Panel (a) represents the minimum energy “bridged” structure for
C,Hs™, whereas panel (b) shows the “classical” structure that is a transition
state in most levels of electronic structure theory. The figures also
demonstrate the relative asymmetry of charge. The “classical” structure
is approximately 6 kcal mol™ higher in energy as compared to the
"“bridged” structure (see Table 1).

In this publication, we consider the carbocations C,Hs" and
C;H;", and a few stable conformations for these molecules are
presented in Fig. 1 and 2. In C,Hs’, the “classical” structure
(Fig. 1(b)) is a transition state under all levels of electronic
structure theory and hence is generally not expected to con-
tribute to spectra. However, as we will see here, vibrational
signatures unique to this “classical” configuration do appear in
the computed spectra from ab initio dynamics when initial
conditions are chosen so as to include sufficient energy to
represent zero-point vibrations corresponding to the initial
structure. These results are also confirmed by studying quantum
nuclear contributions from reduced dimensional studies. Our
results here provide an alternative interpretation to the recent
argon-tagged action spectroscopy results on this species.'”'® The
C3;H;" system, on the other hand, is characterized by a high-
degree of permutational exchange amongst the hydrogen and
the carbon atoms. This leads to complex vibrational spectral
behavior that has contributions from several structures. In fact
we find deep similarities between the conformational migration
in C,H;" and C;H;" and that already noted for C,H;" in ref. 32.
We discuss mechanistic aspects of configurational change in
Section III. In Section IIIA, the reduced dimensional distributions,
associated potential surfaces, and the resulting quantum nuclear
eigenstates are presented. In Section IV we present the resulting
vibrational properties, and the structural transformations are
further probed using two-dimensional time-frequency analysis.

(a)cyclic

(b)straight
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The AIMD simulations used here are computationally intensive,
and the study utilizes several million electronic structure calcula-
tions. In Section II, we present a careful investigation of the isomer
stabilization energy for C,H;" and C;H;" using DFT (M062X and
B3LYP exchange—correlation functionals), MP2, MP4 and CCSD(T)
to arrive at the best compromise between accuracy and efficiency.
The choice (M062X and B3LYP) allows us to perform several AIMD
simulations under a variety of initial conditions. Conclusions from
our study are provided in Section V.

Il. Choice of electronic
structure theory

Tables 1 and 2 provide a summary of the relative stability of the
two most stable geometries for C,Hs" and C;H;", respectively.
The data includes calculations performed here and those by
Others'1,16,21,35—38

Given our goals to compute relatively long ab initio dynamics
trajectories that included all levels of anharmonicity, our choice
of electronic structure theory was based on both accuracy and
efficiency. For example, the study here includes a total of
59 AIMD simulations, each simulation being roughly 5-10 ps
in length. Given an average time step of 0.1 fs, to help conserve
the overall system Hamiltonian within the sub-kcal mol™*
range, this amounts to a few million electronic structure
calculations, which is clearly prohibitive even for this small a
system when coupled cluster accuracy at the large basis limit is
desired. [This situation is likely to change in the near future
with the advent of new methods, such as the fragment based
ab initio molecular dynamics method,***" that do provide MP2
and coupled cluster accuracy at significantly reduced computa-
tional cost.] At this time, however, a compromise must be made
between accuracy and computational cost.

As can be seen in Table 1, for C,H;", the difference in energy
between the lower-energy “bridged’” structure and the higher-
energy “classical” structure ranges from 3.5 to 9.3 kcal mol ™"
depending on level of theory and basis set. [Note that the
so-called “classical” structure was found to be a transition
state at all levels of theory probed.] By comparing the results
obtained for the computationally “cheaper” M062X, B3LYP,

H(o.

(c)prop-2-en-1-yl-3-ylidine

Fig. 2 Stable structures for CsHz*. While the “cyclic” structure is nearly 30 kcal mol™ lower in energy as compared to the “straight” structure, the zero-
point energy in the “cyclic”-well is roughly of the same order. Energetic stabilization is shown in Table 2. The “prop-2-en-1-yl-3-ylidine” structure is
approximately 70 kcal mol™ higher in energy relative to the “cyclic” structure.
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Table 1 Differences in equilibrium geometry, relative energies, and vibrational zero point energies for the “bridged” and “classical” structures for CoHs™,
at different levels of electronic structure theory

Bridged”  Classical®  AE” ZPEpridged ZPE jassical AEzpg

Level of theory (A) (A) (kecal mol™")  (kcalmol™")  (kcalmol™')  (kcal mol ")
MO062X/6-311++G** 0.00 0.00 5.9 38.4 37.5 6.8
M062X/6-31+G(d,p) 0.06 0.07 5.5 38.6 37.7 6.4
MO062X/aug-cc-pvtz 0.08 0.09 6.0 38.4 37.5 6.9
B3LYP/6-311++G** 0.10 0.10 3.7 37.8 371 4.4
B3LYP/6-31+G(d,p) 0.15 0.16 3.5 38.0 37.3 4.2
MP2/6-311++G** 0.06 0.06 7.9 38.7 37.8 8.8
MP2/6-31+G(d,p) 0.11 0.10 7.5 39.5 38.5 8.5
MP4/6-311++G**//M062X/6-311++G** 7.0

MP4/6-31+G(d,p)//M062X/6-311++G** 6.6

MP4/aug-cc-pvtz//M062X/6-311++G** 7.3

CCSD(T)/6-311++G**//M062X/6-311++G** 6.5

CCSD(T)/6-31+g(d,p)//M062X/6-311++G** 6.2

CCSD(T)/aug-cc-pvdz//M062X/6-311++G** 6.3

B3LYP/6-311+G(d,p)° 3.7

MP2/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)° 8.4

MP3/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)" 7.3

MP4D/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)° 7.3

MP4DQ/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)° 7.0

MP4SDQ/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)° 6.8

MP4SDTQ/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)° 7.5

CCSD/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)° 6.4

CCSD("I;)/6-311+G(3df,2p)//B3LYP/6-311+G(d,p)‘ 6.9

MP2(v) 8.0

MP2-R12(v)“ 9.3

MP4SDQ-FC/6-31G(d)* 4.7

CCSD(T)/aug-cc-pVTZ’ 0.11 0.57 7.2

4 Mean absolute deviation in the distance matrix calculated with reference to M062X/6-311++G**, ? Energetic stabilization of the “bridged” configuration with
reference to the “classical” configuration. ¢ From Table 2.2 in ref. 1. 4 From ref. 21: Only valence MO contributions. Basis set for carbon: [9s,5p,1d/5s,4p,1d].
Hydrogen: [5s1p/3s1p). ¢ Ref. 35: Coupled cluster and MBPT methods are used to determine NMR shifts, including predictions of coupling constants.

Table 2 Differences in equilibrium geometry, relative energies, and vibrational zero point energies for the most important isomers shown in Fig. 2 for
C3Hs™, at different levels of electronic structure theory

Cyclic® Straight? AEP ZPEcyalic ZPEgtraight AEzpg
Level of theory (A) (A (kcal mol™) (kcal mol™) (keal mol ) (kcal mol™)
MO062X/6-311++G** 0.00 0.00 34.3 28.5 27.0 35.8
M062X/6-31+G(d,p) 0.05 0.11 35.3 28.6 27.1 36.8
MO062X/aug-cc-pvtz 0.09 0.07 35.1 28.5 26.9 36.7
B3LYP/6-311++G** 0.02 0.04 25.3 28.3 26.8 26.8
B3LYP/6-31+G(d,p) 0.10 0.15 26.4 28.3 26.9 27.8
MP2/6-311++G** 0.15 0.20 31.5 28.5 27.2 32.8
MP2/6-31+G(d,p) 0.10 0.22 32.6 28.8 27.4 34.0
MP4/6-311++G**//M062X/6-311++G** 27.5
MP4/6-31+G(d,p)//M062X/6-311++G** 28.5
MP4/aug-cc-pvtz//M062X/6-311++G** 28.2
CCSD(T)/6-311++G**//M062X/6-311++G** 29.5
CCSD(T)/6-31+G(d,p)//M062X/6-311++G** 30.5
CCSD(T)/aug-cc-pvdz//M062X/6-311++G** 29.5
MP2/6-311G**//MP2/6-31G** 31.6
MP4/6-311G(2d,2p)//MP2/6-31G* ¢ 26.1
CCSD(T)/cc-pVTZ? 23.4
CCSD(T)/cc-pV(T,Q,5Z)° 0.16 0.08 27.9
Experimental’ 25

“ Mean absolute deviation in the distance matrix calculated with reference to M062X/6-311++G**. ® Energetic difference between the “cyclic” and
“straight” configurations.  From ref. 36, which supplies further calculations not reported here. ? Ref. 16: Calculations used to support
experimental spectra obtained via rare gas-tagging infrared laser photodissociation spectroscopy. ¢ Ref. 37: Geometry optimizations include
core-correlation correction and scalar-relativistic correction and were used to calculate quartic force fields./ Ref. 38: Energy-resolved electron
beams were used to determine appearance potentials and hence relative stability. See ref. 38 for additional details.

and MP2 levels of theory, with appropriate higher level calcula- the case of C,Hs", B3LYP underestimates the stability of the
tions, it can be seen that as is the case for C,H;" in ref. 32, for  “bridged” structure, whereas MP2 slightly over-estimates it.

This journal is © the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 27801-27816 | 27803


http://dx.doi.org/10.1039/c7cp05577c

Published on 06 September 2017. Downloaded by Indiana University Libraries on 7/27/2018 11:48:17 AM.

Paper

Thus, for this system, M062X provides the best compromise
between accuracy and computational efficiency. As a result, we
employed dynamical simulations constructed using the M062X*>
functional with the 6-311++G** Gaussian basis set for our analysis
of C,H;".

For C;H;', as shown in Table 2, the “cyclic” structure was
seen to be stabilized by 23-35 kcal mol " relative to the
“straight” structure depending on the level of theory and basis
set. This system, however, differs from both C,H;" and C,H;" in
terms of the optimal, less-expensive level of theory. In this
instance, both MP2 and M062X overestimate the stability of the
“cyclic” structure in comparison to higher level calculations
and the experimentally determined value. B3LYP was seen to
provide the best compromise between accuracy and efficiency.
However, to maintain consistency with the studies performed
on C,H;" and C,H;", simulations using the M062X** functional
with the 6-311++G** Gaussian basis set were analyzed in
addition to calculations constructed using the B3LYP** func-
tional with the 6-311++G** Gaussian basis set.

In total, 33 M062X simulations and 26 B3LYP simulations
were constructed spanning a wide range of input kinetic energies,
for the two different systems investigated. The total simulation
time in each case ranged between 5 and 10 picoseconds which
allowed the system to sample a wide range of the available
configurational space. Further details regarding the ab initio
molecular dynamics simulations constructed in this publication,
including simulation time, survey of kinetic energy and potential
energy, the conservation of total energy, and relative population
analysis, can be found in ESL{ As such, computed spectra are
direct functions of the subspace of the global potential surface
sampled. As a result, sampling-energy dependent properties were
also probed in our studies. In this regard, the choice of initial
conditions is particularly important to clarify since this choice
determines the phase-space structural distribution function.
Based on previous AIMD studies on a wide-range of hydrogen
bonded systems, it is known that the argon-tagged action spectra
are recorded using low temperature ions, and hence, low tem-
perature and low energy AIMD trajectories (i.e., trajectories with
low input kinetic energies) are in good agreement with these
results**™*® for strong hydrogen bonded systems. In the case of
simulations that model infrared multiple photon dissociation
(IRMPD) effectively,** > larger energies*®>® are required. While
a range of energies were studied for the problems discussed here,
the presented data in this publication are from trajectories within
a range of total energies that include the harmonic zero-point
energy. This allowed us to probe the full potential surface in a
systematic fashion, and properties are computed as a function of
these sampling conditions. Data and trends from additional
trajectories can be found in ESL¥

lll. Proton shuttles and CH-group
transmutation during dynamics

In many of our higher energy AIMD simulations, the structures
of C,Hs" and C3H;" are highly fluxional. Before undertaking the
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discussion on how the fluxionality of each system was quantified,
a brief discussion on the qualitative mechanisms by which the
interconversion of geometries occurs is conducted.

The configurational migration processes of C,Hs" and C;H;"
are best understood when considered together with the pre-
viously observed®? proton shuttle in C,H;". (To supplement this
discussion, the C,H;" proton shuttle mechanism is presented
here in Fig. 3(a) along with those found in this study for C,Hs"
and C;H;' in Fig. 3(b) and (c), respectively.) In the case of
C,H;", the bridge proton performs large amplitude excursions
along a plane that is parallel to the carbon-carbon bond. This is
on account of the relatively flat potential energy surface experi-
enced by the bridge proton along this direction. When the
energy of the system is increased further, the large amplitude
excursions performed by the bridge proton begin to overlap
with the domain of oscillations of the CH protons in C,H;" and
eventually the bridge proton permutes its position with one of
the CH protons. This process is pictorially depicted in Fig. 3(a)
and is facilitated by the fact that the ground state corres-
ponding to motion along the aforementioned direction is above
the barrier that separates the “bridged” and “classical” con-
formations in C,H;". While the mechanism by which the bridge
proton of C,Hs" permutes its position with the CH, protons is a
relatively straightforward analogue of the mechanism outlined
for C,H;'—as can be noted in Fig. 3(b)—a much more complex
phenomenon is observed for C;H;".

The analysis of the fluxionality of C;H;" was simplified upon
noting that the “bridged” configuration in C,H;" is quite
similar to the “cyclic”” configuration in C;H;", when the axial
CH-group in the latter is identified as a single unit and hence
takes the place of the bridge proton in C,H;". This isomorphism
is emphasized by denoting C;H;" as C,H,A', where A is the
CH-group and is marked in Fig. 3(c) using ellipses. Indeed we
find during our higher energy simulations that this CH-group can
migrate, much like the bridge proton does in C,H;", towards one
of the side carbons and exchange spots with the hydrogen.
However, such a large scale oscillation by the bulky CH-group
leads to a significant angular momentum penalty on the system
that needs to be compensated by a torque on the carbon skeleton
in the opposite direction. A second pathway that does not have
this angular momentum penalty appears to be preferred in our
simulations as indicated in Fig. 3(c). Here, the axial CH group
tilts and instead of the entire CH group migrating towards one
of the carbons (as would be the case for C,H;"), the CH-bond
cleaves to allow hydrogen and carbon atoms to migrate in
opposite directions as shown in Fig. 3(c). This leads to the
appearance of the “straight” configuration for C;H;" during
our higher temperature simulations. A reverse of this mechanism
was also observed when C;H;" converted from its “straight” to
“cyclic” form. The corresponding distribution of nuclei is shown
in Fig. 4.

Given that the total angular momentum is conserved in all
our simulations, the migration and transmutation of the CH
group needs to be compensated by an equivalent angular
displacement of the carbon-carbon bond axis in the opposite
direction, making the CH migration even more likely. Given the
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(c)CsHy

Fig. 3 Highlight of the conformational transformation mechanisms for C,Hs", C,Hs" and CzHs™. The associated nuclear distribution functions are given

in Fig. 5(b) and 7(b).

(2)C2H7

(b)CsHF

Fig. 4 Depiction of the fluxional nature of CyHs* and CszHs* during
high energy AIMD simulations. The figures reveal the distribution of all
hydrogen nuclei (gray) surrounding the central carbon atoms (aquamarine).
The distributions, which have not been symmetrized, were obtained from
the AIMD trajectories described in the ESI.{

larger mass of the migrating CH group (as compared to the
migrating bridge proton in C,H;"), angular momentum can
only be conserved if the carbon-carbon bond axis is tilted to a
much larger extent in the opposite direction (as compared to
the corresponding case for C,H;"), which partially ensures the
almost spherical distribution of carbon and hydrogen atoms in
Fig. 4(b).

As ref. 57 demonstrates, it may be possible to use circularly
polarized light to detect the “bridged” to “classical” isomeric
transformation for C,H;". It would be of interest to determine if

This journal is © the Owner Societies 2017

similar methodology could be used to track the interconversion
of geometries for our two systems.

A. Reduced dimensional potentials, classical and quantum
nuclear distributions

To probe the extent of conformational flexibility, we invoke a
reduced representation of the transfer process. To this end,
conformational transfer coordinates were independently defined
for C,Hs" and C;H;". These coordinates were then employed
to construct low-dimensional distributions for geometries and
compute reduced dimensional potential surfaces. The potential
surfaces were, in turn, utilized to obtain reduced dimensional
eigenstates to elucidate quantum nuclear effects. Each of the
aforementioned items for both C,Hs" and C;H;' is given in
Sections IIIA 1 and IIIA 2.

1. C,Hs". For the case of C,Hs", 0, the reduced dimensional
coordinate, represents the angle made by the most “bridge-
like” hydrogen and the axis defined by the line joining the
centers of masses of the two hydrogens of each CH, group. The
most “bridge-like” proton is established by the merit of being
excluded from each CH, moiety, i.e. there are two other protons
closer to the carbon atom of each moiety. A pictorial illustration
is provided in Fig. 5(a). Additionally, as the “bridge” proton
orbits around the CH,-CH, framework, it performs a proton-
relay. This kind of permutation is reminiscent of the Grotthuss
mechanism®* as was noted earlier in ref. 32 and causes another
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(a)Reduced Dimensional Coordinate

View Article Online

PCCP
0.006
0.005 _
©
-, 0.004 £
= 8
e} P~
< 0.003 =
S s
% 0.002 5
o
o
0.001 |

0

40 60 80 100 120 140
6 (in degrees)

(b)Distribution and Potential

Fig. 5 Panel (a) defines the reduced dimension shown along the horizontal axis in panel (b), which indicates the distribution of geometries in the
classical AIMD simulations (red), the infinite temperature potential (blue), the smoothed, 500 K potential (dashes), and the smoothed, zero Kelvin potential
(black). Egn (1), which includes the temperature-dependent term f, describes how reduced dimensional potentials are computed. Also see Appendix A.
Note that panel (b) is permutationally symmetrized to facilitate the accurate determination of eigenvalues.

proton to become the most “bridge-like”” proton. There exists a
symmetry in the potential experienced by the effective nuclear
coordinate, 6, as seen from the reduced dimensional potential
shown in Fig. 5(b). To clarify, the black and blue curves in
Fig. 5(b) represent reduced dimensional potentials that include
thermally sampled contributions from orthogonal degrees of
freedom according to

éjw exp|—BH]V (q) = V5(0), )

where the quantity “q” includes all degrees of freedom in the
system, f is the inverse temperature (f = 1/kT), 0+ denotes all
degrees of freedom orthogonal to 6 and the denominator Q is
the system partition function. We emphasize that V(q) =
V(0;60™). Thus the potential surface generated here is a thermally
weighted “effective” surface for the interconversion of geometries,
that receives an average (thermalized) interaction from the motion
of degrees of freedom orthogonal to 0 (denoted by 0*) and the
associated electronic structure change. A brief discussion of the
underlying approximations in eqn (1) is provided in Appendix A.

Such potential surfaces, along with associated classical
distribution, are represented in Fig. 5(b), one using a zero
Kelvin canonical sampling in eqn (1) (black) and the other
using an infinite Kelvin canonical sampling (blue). In addition,
for illustrative purposes, we have provided an intermediate
temperature potential at 500 K. Standard deviations due to
statistics along degrees of freedom orthogonal to 0 are shown
in gray. Critically, as the orthogonal sampling temperature in
eqn (1) increases, the barrier height between the “bridged” and
“classical” configurations also increases due to the greater
entropy that is deposited onto the modes that are orthogonal
to the transfer coordinate. It is clear from these potential
surfaces that the zero Kelvin barrier between the ‘“bridged”
configuration (90 degrees) and the “classical” transition state
(60 degrees) is approximately 5 kcal mol ' and the infinite
temperature barrier is roughly 15 kcal mol ™" for C,H;".

Note that a direct fit of the symmetrized potential necessitated
a polynomial of at least order 10 along the reduced dimensional

27806 | Phys. Chem. Chem. Phys., 2017, 19, 27801-27816

coordinate; yet, this still does not capture some of the anharmo-
nicity near the “classical” shoulders of the potential well. It is
critical to note that the methodology used here samples the full
anharmonicity of the potential with the configurational space
sampled based on simulation energy. Additionally, as will
be enumerated in Section IV, a non-perturbative methodology
is used to obtain computed spectra presented in this work.
While methodologies that treat anharmonicity as a perturbative
correction are clearly restricted for strongly anharmonic systems,
our non-perturbative method has demonstrated generality and
effectiveness.** %7839

We next solve the one-dimensional nuclear Schrédinger
equation for the degree of freedom, 6, and potential shown
in Fig. 5(b), with the kinetic energy operator represented using
“Distributed Approximating Functionals” (DAFs)*>®*% (see
the ESIf). The eigenstate density for the first eigenstate of
C,H;" is shown in Fig. 6, with the eigenvalue stated in the
figure caption. As may be noted from Fig. 6(a), the ground state of
C,Hs" has significant density in the “classical” configuration.
Thus, one could expect the classical structure to be populated at
ambient temperatures. As we will see in Section IV, this has
critical significance in the vibrational spectrum of the system,
which shows contributions from the classical structure, despite it
not being a minimum energy stable structure!

2. CzH;". For the case of C;H;", conformational transitions
are studied through introduction of the reduced dimensional
angle shown in Fig. 7(a). Specifically, the angle subtended by
each peripheral carbon atom on the center of the remaining
two carbon atoms is computed, and the maximum angle
from the aforementioned set is used to depict conformational
transitions. This angle is denoted by 0,,.x in Fig. 7(a) in all
related discussion. Yet again, we observe a symmetry due to
permutation of the carbon and hydrogen atoms that results in
the potential given in Fig. 7(c), where we emphasize the
pertinent range of angles for individual carbon atoms by
separating the range of the horizontal axis with vertical bars.
Extending this analysis to the hydrogen atoms in C;H;" that
also cyclically permute positions, one obtains a two-dimensional

This journal is © the Owner Societies 2017
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Fig. 7 Panel (a) defines the reduced dimension shown along the horizontal axes of panels (b—d). In panel (b), the two-dimensional classical distribution
also includes an angle analogous to 0ax but defined for the hydrogens and used as the vertical axis. Panel (b) shows the greater significance of the
carbon angle in depicting conformation transitions. Panels (c and d) show the distribution of geometries in the classical AIMD simulations (red),
the infinite temperature potential (blue), the smoothed, 4000 K potential (dashes), and the smoothed, zero Kelvin potential (black). The potentials are

computed as given in egn (1). Also see discussion in Appendix A.

representation of conformational transition that is depicted in
Fig. 7(b). The top panel of Fig. 7(b) also shows representative
nuclear geometries at different maximum carbon angles, and it is
apparent from these figures how the prop-2-en-1-yl-3-ylidine
configuration (Fig. 2(c)) may be visited during the transition from
“cyclic” to “straight”, with the corresponding populations obtained
from AIMD, shown in Fig. 7(b). There are obviously multiple

This journal is © the Owner Societies 2017

pathways connecting the two critical regions shown in the two-
dimensional distribution in Fig. 7(b), and an approximate
pathway is provided through the structures on the top panel;
these structures are also correlated with the mechanistic discus-
sions at the top of Section III. However, from Fig. 7(b), it is also
apparent that the dependence on the carbon angle during the
transfer process is much more significant, and, hence, this is the
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Fig. 8 Ground eigenstates as a function of 0.y for CsHs™ are shown in red with the zero Kelvin permutationally symmetrized potential in blue.
The horizontal red line corresponds to the respective eigenvalues, which are given in the figure caption along with the level of theory.

angle followed for analysis of reduced-dimensional potential and
quantum-nuclear eigenstates.

As in the case of C,H;", we proceed to analyze the potential
experienced along the chosen reduced dimensional carbon
angle coordinate using eqn (1) (where 0 is now replaced by
Omax), and the corresponding first eigenstate is shown in Fig. 8
for both the B3LYP and M062X potential surfaces. From these,
the 0 K barrier between the “cyclic” (90 degrees) and “straight”
(180 degrees) structures is approximately 90 kcal mol ' from
the “cyclic” potential well and approximately 60 kcal mol *
from the ‘“straight” well (which agrees well with previous
estimates for this value'®). As for the case of C,H;", here again
the potential is highly anharmonic.

However, upon obtaining the reduced dimensional eigen-
states, we find a significant difference between the lowest
energy eigenstates depending on the level of theory. While
the ground state for M062X shows no density in the potential
well corresponding to the “straight” configuration, the B3LYP
ground state shows population greater than 10% of the corres-
ponding population in the cyclic configuration. This is due to
the fact that the zero point energy for the case of B3LYP is
sufficiently high to overcome the energetic difference between
the “cyclic” and ‘“straight” configuration wells. Furthermore,
as already noted in Table 2, given the closer agreement between
the isomer energetic differences for B3LYP as compared to
CCSD(T),'**” MP4,%® and experiment,*® we expect the subtle
difference between the B3LYP ground eigenstates to have a
critical impact on the discussion of vibrational spectra.

IV. Vibrational properties of the
anomalous carbocations computed
from dynamics

The discussion thus far has been restricted to the analysis of
the potential surface sampled along the transfer coordinates
using AIMD simulations at a variety of energies. These surfaces
have allowed us to conclude that (i) in the case of C,Hs', the
“classical” structure—despite being a transition state—has a
significant contribution to the zero-point eigenstate, and (ii) in the

27808 | Phys. Chem. Chem. Phys., 2017, 19, 27801-27816

case of C;H;', the “straight” configuration may be populated
depending on the level of electronic structure theory that is used.
However, since the B3LYP conformational energies better corre-
spond to higher level and experimental values (see Table 2), our
analysis here will mainly be based on that surface. In this section,
we utilize a selected set of AIMD simulations to compute dynami-
cally averaged vibrational properties and compare these with
experimental vibrational action spectra.”>™® More details are
given in ESL¥

A. A brief description of the experimental argon-tagged action
spectroscopy results and analysis of the corresponding
harmonic spectral results

To introduce the challenges involved here, we present in Fig. 9
the experimental spectra for C,Hs' and C;H;" along with the
corresponding harmonic features. (See ESIT for a description of
how the harmonic modes in the “classical’” isomer for C,Hs"
may be thought to arise from a linear combination of those
from the “bridged” structure.) Clearly, it appears that multiple
conformations may contribute to the experimental results
obtained through argon-tagged action spectroscopy.'®'” Note
that in the experimental methodology discussed in ref. 16 and
17, C,Hs" and C;3H;" ions were created via pulse discharge/
supersonic expansion from their respective precursors. Although
specific details can be found in ref. 16 and 17, two important
experimental considerations follow.

e The authors in ref. 17 explain the appearance of certain
unexpected experimental peaks (shown using blue asterisks
in Fig. 9(a)) as being due to an H'N,Ar, impurity in the C,H5"
spectrum. Based on our analysis in the previous section of
Fig. 6, the ground eigenstate does show population in the
“classical” configuration. Indeed, as we will see in Section IV
B 1, our finite temperature AIMD trajectories recover these
smaller features in the C,Hs" spectrum. We have also
computed AIMD trajectories for H'N,Ar,, and these are
presented in the ESL{ While it appears that indeed this
impurity can contribute to the spectrum as noted in ref. 17,
our results here will show that the appearance of the
classical structure is another, more plausible, rationale.

This journal is © the Owner Societies 2017
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e In the case of C;H;", the precursor for determination of
experimental spectra in ref. 16 is propargyl bromide, and a
large energetic barrier (approximately 49 kcal mol %)
inhibits interconversion of this “straight-like” isomer into
the more-stable ‘“cyclic”” isomer. Thus, although variation
of the ion source conditions altered the ratio of “straight”
to “cyclic” features observed in the various spectra, the
higher-energy “straight” configuration dominated spectral
results at energies sufficiently low to maintain the argon
tag required for this spectroscopic methodology due to
insufficient energy supplied for the “straight” precursor to
overcome the aforestated isomerization barrier.'® Therefore,
AIMD spectra presented in this publication focus on simula-
tions where the “straight” isomer was the starting configu-
ration. In addition, while it is postulated in ref. 16 that the
“cyclic” contribution may be produced by means of plasma
chemistry (and not through isomeric interconversion), as
is already clear from Fig. 10, the relevant eigenstate—the
lowest-energy eigenstate with the ‘“straight” well being
primarily populated—of C;H;" does demonstrate some con-
tribution from the “cyclic” isomer. Indeed, in Section IV B 2,

we find that our dynamically averaged AIMD spectra provide
a reasonable interpretation of the experimental results.

B. Vibrational spectra from AIMD simulations

The harmonic approximation utilized for reference in the
previous subsection is a sensible estimate for rigid covalent
systems; however, it is not effective for highly fluxional, anhar-
monic systems** 6748565839 gyich as those studied here. These
fluxional systems demonstrate a high level of anharmonicity as
evinced by the reduced potential surfaces shown in Fig. 5(b),
7(c) and (d). (The minimum polynomial order required to
capture the anharmonicity in these figures is sixth-order for
C,H;" and fifth-order for C;H;". But the resultant polynomials
lack permutational symmetry. Requiring the polynomial fits to
obey permutational symmetry necessitates a larger order fit, as
noted above.) Additionally, previous work*®*”*® suggests that
spectra for highly anharmonic systems may be dominated by
how the harmonic modes couple to produce new modes due to
the anharmonicity. Hence, a computational methodology to
compute vibrational spectra with all degrees of anharmonicity
for these fluxional carbocations is desired. Vibrational second
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Fig. 10 The third eigenstate along Oqa.x CsHs* (red) and the zero Kelvin permutationally symmetrized potential (blue). The horizontal red line
corresponds to the respective eigenvalues, which are given in the figure caption along with the level of theory. (The ground eigenstate is shown in
Fig. 8. The symmetry of the potential allows the second eigenstate distribution to differ from the ground eigenstate through the presence of a node at the

center of symmetry of the potential.)
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order perturbation theory (VPT2)%*®® and vibrational configu-
ration interaction theory (VCI)**®® have previously been used
on anharmonic systems.>”*>”® These methodologies are a step
up from the harmonic approximation in that they account for
some degree of anharmonicity of the potential. Yet, VPT2
generally involves a harmonic reference that is perturbatively
corrected with potentials up to fourth order, and the VSCF
method has been found to be insufficient in the study of highly
anharmonic systems.”* Hence, these methods may have difficulty
in systems such as those presented here. The VCI method would
in principle accurately represent these problems, but computa-
tional challenges remain.

Here, we compute vibrational spectra from our AIMD simula-
tions. The simulation kinetic energy in a classical AIMD treatment
gradually tunes in anharmonicity by varying the range of the
potential surface sampled. We simulate the vibrational spectra
by computing the one-dimensional Fourier Transforms for the
Dipole-Dipole Auto-correlation Function obtained from the
dynamics trajectories. The expressions are presented in ESI{
We additionally compute the two-dimensional Fourier Transforms
of the Dipole-Dipole Auto-correlation Function to probe conforma-
tional transitions. Note that o?%(w) in eqn (B2) in Appendix B
has been shown to accurately reproduce vibrational properties in
agreement with vibrational action spectroscopy experiments.** ">
Furthermore, these kinds of studies have been used to understand
the differences between experimental techniques,*>*® in particular,
infra-red multiple photon dissociation (IRMPD)>*>>">”> and argon
tagged action spectroscopy.””

Selected vibrational spectra for C,H;" and C;H;" are pre-
sented in Sections IV B 1 and IV B 2. The average total energies
for these trajectories are noted, and the harmonic fundamen-
tals are presented in the bottom panel for each cascade plot.
Note that all spectra computed using M062X and B3LYP have
their frequencies scaled by 0.972 and 0.975 respectively to
account for the fact that the AIMD simulations here do not
contain corrections for nuclear quantization.

1. C,H;". A complete set of «3%(w)-spectra are presented in
the ESL.{ The spectra are computed for a range of total energies,
and, as stated earlier, the total energy in these classical AIMD
simulations is simply a mechanism to tune-in the requisite
degree of anharmonicity. The computed spectra are valid
approximations when the energy is within the range of the
(unknown) quantized states of the system. Clearly, the harmo-
nic approximation provides an (often very weak) upper bound
to the zero-point eigen-energy in such highly anharmonic,
fluxional, multi-potential-well systems. In fact, such multi-
potential-well systems may also present a critical challenge to
many semi-classical methods.”® Here we study the spectral
evolution for a range of total energies, some clearly too low
(see ESI,T Fig. SI-1) and some in the range of the harmonic ZPE.
As noted in the ESIL, spectra in the range 14.31 kcal mol ' to
21.50 kecal mol ! are relatively consistent and hence in Fig. 11,
we present a selected spectrum for C,H;" from this range. For
the spectrum presented in Fig. 11 and for the higher-energy
spectra in the ESIt (blue spectra in Fig. SI-1), the lower-energy
“bridged” structure dominates spectral features, and these
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display the results from an argon-tagged action spectroscopy experiment'®
for comparison.

simulations show spectral features that are consistent with the
harmonic spectrum of the “classical” (transition state) structure.
This is also consistent with the non-negligible “classical” popula-
tion noted from the quantum reduced dimensional distribution
in Fig. 6(a).

While the “classical” spectral features denoted by asterisks
in Fig. 11 can be observed through close inspection, the two-
dimensional, «2°(T,w;AT)-spectra shown in Fig. 12 offer a much
more compelling picture with regard to population transfer. In
the plotted region from 2000 to 2900 cm ™", the center-“bridge”
proton stretch of the “bridged” structure is at 2142.20 cm ™',
and the symmetric and asymmetric stretches of the CHj;
group of the “classical” structure occur at 2836.02 cm ' and
2838.36 cm ™. (See discussion in ESIt for a detailed discussion
on the correspondence between the “classical’” and “bridged”
harmonic modes.) Thus, by studying the oQ°(T,w;AT)-spectral
intensity through the course of dynamics, one can track inter-
conversions between the two geometries by following the
aforementioned modes as marked in Fig. 12. (The quantity is
defined in Appendix B, see eqn (B3).) Indeed, as the energy of
the system is increased, the “classical” structure is populated
to a greater extent as indicated by the increasing spectral
intensity at approximately 2800 cm™'. For energies too far
below the harmonic ZPE, the cyclic structure remains the only
contributing structure, as one might expect, but for higher
energies, the classical contributions are apparent. In simulations at
energies greater than 40 kcal mol~" (which interestingly is close to
the harmonic ZPE), broad spectral intensities are seen as is clear
from Fig. 12(e). These higher energy spectra are likely to materialize
when the system is interrogated using IRMPD.>*">>7%73

As discussed earlier, the authors in ref. 17 assign the peaks
marked with asterisks in Fig. 9(a) to the impurity H'N,Ar,.
However, based on our computed spectra from AIMD simulations,
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appearance of the classical conformer.

where no impurity was added, we note that contributions of the
“classical” structure may be an alternative explanation for these
minor spectral features. For completeness, we also present har-
monic fundamentals and computed spectra for AIMD simulations
for H'NLAr, in the ESL¥

2. C;Hj". As is the case for C,H;", a full range of spectral
properties for C;H;" as a function of simulation total energy is
provided in the ESL{ Again, it is clear that the lower energy
spectra in red in Fig. SI-4 and SI-5 (ESIf) are relatively

consistent and we present a typical spectrum in this range in
Fig. 13. The higher energy spectra in Fig. SI-4 and SI-5 (ESIY)
demonstrate substantial mode-mixing between the ‘“cyclic”
and “straight” conformers and are not relevant for low-energy
argon-tagged action spectra experiments, but may be more
relevant for IRMPD.

As previously discussed, the spectra for C;H;' are from
simulations in which the ‘“straight” structure was used as the
initial geometry to best match experimental conditions which
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Fig. 13 IR spectra for CzH3" (scaled by 0.972 for MO62X and by 0.975 for B3LYP) computed using ocfc(w) (eqn (B2) in Appendix B). For the two different
basis sets, the simulation was performed with total energy closest to the eigenvalue of the lowest-energy wavefunction with density localized on the
“straight” potential well. Contributions from the “cyclic” structure are apparent.
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use propargyl bromide as the precursor. Recall that the lowest-
energy “straight” eigenstate (Fig. 10) demonstrates non-negligible
density in the “cyclic” wells, and, hence, one would expect to see
population of this “cyclic” structure under ambient conditions.
Unsurprisingly, then, all spectra computed for simulations with a
“straight” initial geometry demonstrate some spectroscopic con-
tributions from the lower-energy “cyclic” structure. This explana-
tion is an alternative to the proposition in ref. 16 that the “cyclic”
structure is formed through plasma chemistry.

V. Conclusion

A detailed investigation on the fundamental carbocations
C,H;" and C;H;" has been conducted. Both species appear to
be stabilized by non-classical chemical bonding characterized
by delocalization and permutation of hydrogen nuclei over
multiple carbon centers through use of a “bridging proton”
for C,H;s" and a “bridging CH group” for C;H;". This result has
been recognized in previous theoretical publications, and, in
ref. 32, the similarities between such processes and the well-
known ‘“‘Grotthuss proton shuttle” in water have been deeply
analyzed. In this work, we studied the two anomalous carbo-
cation systems by probing (a) their electronic structure-based
stability, (b) the effect of the nuclear quantization as mani-
fested through the potential energy surface experienced by the
nuclei where all levels of anharmonic behavior are included
through use of ab initio molecular dynamics, (c) structural
stability as dictated by the aforementioned potential surfaces,
and (d) analysis of one-dimensional and two-dimensional
time-frequency vibrational spectroscopic properties.

In the case of C,Hs', we find that the hydrogen nucleus at
the bridge position circumscribes the carbon-carbon bond, in
the process, permuting positions with the terminal protons.
The propensity of this process increases with increasing energy
and is very much reminiscent of the delocalization mechanism
described in ref. 32 for C,H;" as well as the Grotthuss
mechanism®* for aqueous proton transport. Importantly, at
all energies in the vicinity of the quantum nuclear zero-point
energy, the axial CH group (represented as “A”) migrates and
cleaves to allow the appearance of the “propargyl” and then the
“straight” configurations for C;H;" during AIMD simulations.
The experimental vibrational action spectrum is modeled here
through simulations that begin with the “straight” configu-
ration. This is to remain consistent with the experimental
conditions that utilize propargyl bromide as the precursor for
the creation of C;H;". Classical and quantum nuclear studies
both indicate the presence of the “cyclic” structure during our
simulations, and hence, the computed vibrational spectra con-
tain signatures from these species as well as additional con-
figurational forms that intervene between the ‘“straight” and
“cyclic” forms of C;H;".

Conflicts of interest

There are no conflicts to declare.

27812 | Phys. Chem. Chem. Phys., 2017, 19, 27801-27816

View Article Online

PCCP

Appendix A: a brief discussion of the
approximations in eqn (1)

Consider the full nuclear Schrédinger equation across two
multi-dimensional variables: {0;0"}. (See discussion near
eqn (1) for a description of variables.)

[Ty + Tyo + V(0;00)]P(0;04) = E¥(0;01) (A1)

where Ty and Ty. are the respective kinetic energy operators
with potential V(0;0"). If we invoke a mean field approximation
across variables {0;0*}, we obtain

[Ty + Tow + V(0)](0) = Ep(0) (A2)

where Typ1 = (7(04)|Tor|x(01)), that is the average kinetic
energy from 0 and

0) = (2(O01)V(0;0)|2(07) (A3)

It is our goal in eqn (1) to approximate the potential in eqn (A3)
for use in the reduced dimensional Schrodinger equation,
eqn (A2). Details regarding T, are discussed in the ESL.{ In this
publication, we have ignored contributions from Tj.. However,
we also note that 7(6) is an averaged potential and while V(8;6)
is also known from AIMD data, %(f*) is not known.
We approximate the probability associated with y(0*) as a
Boltzmann distribution and this aspect is clear from eqn (1).
Furthermore, the “average” nature of the interaction between
0 and #* may be further modulated by considering multiple
potentials at different values of f§ in eqn (1). While we have not
done this here to gauge the effect on quantum nuclear distri-
butions, we have considered multiple temperatures in our
analysis in ESI,{ the main features from which are presented
in the paper.

Appendix B: velocity and dipole
auto-correlation functions to compute
spectral intensities and spectral
diffusion

The Fourier Transform of Dipole-Dipole Auto-correlation was
computed in this study through use of quantum-nuclear
corrections”’”’® obtained within the harmonic approximation:

)
OCSC(CU)O(I —exp(—fhw)

t=T

{olt—exp(-po] fim [ arexp(-ion (u0)-1(0) .

(B1)

=0

The terms inside the curly brackets ({: - -}) represent the power

normalized absorption cross-section.’>®" The pre-factor,
@ . - 77-79

————— is a quantum-nuclear correction.

1 — exp(—phw)

a series of publications

correlation functions provide a good estimate of the vibrational

spectrum obtained from experimental action spectroscopy.

Over

44-48,56,59,82 it has been shown that these
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Utilizing the convolution theorem,** eqn (B1) may be rewritten
as

2

Jt:TdteXp(—icut)u,-(t) . (B2)
=0

3
agc(w) o @? lim Z

T—o0 &

i=1

This process of reduction of the dipole auto-correlation func-
tion to a power spectrum of dipoles is also known as the
Wiener-Khinchin theorem.®® Furthermore, when a finite
sample of data is constructed, as in eqn (B2), there is always
a leakage (or smudging phenomenon) where information from
one frequency leaks to the neighboring frequency regions of the
spectrum. The extent of leakage falls as 1/w”. To overcome this
problem, we follow ref. 83, and use the method of overlapping
segments to construct the Fourier transform in eqn (B2). Thus,
for all simulations, we compute «3"(w) using dynamics data
from 0-3 ps, 0.2-3.2 ps, etc., for all trajectories. The results are
averaged with standard deviations provided as error-bars in
Fig. 11 and 13.

For the study of two-dimensional time-frequency analysis,
eqn (B2) can be modified to calculate the time-frequency
function:

3
QC ) 2
2T, 0;AT) ox o Z

i=1

t=T 2
[ dtw(t; T,AT) exp(—iwt) ()|
J =0

(B3)

where w(t;T,AT) is a window function centered at T with width
AT. But if the amount of energy in a certain spectral range is to
be computed as a function of time, we may utilize a similar
expression as that above,® by replacing the instantaneous
dipoles with instantaneous nuclear velocities, V;;(¢), to obtain

NAatoms 2

ay(T,w;AT) x Z

=T
J dtw(t; T,AT) exp(—iwt)V; (1)
=1

t=0

M-

(B4)

In the current study, AT is set to 500 fs; the window function is
chosen as a step function; and smoothing techniques such as
those discussed in ref. 84 have not been employed.
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