for microwave-based welding not found in the
conducting polymers (30). This microwave
heating process could be used to make
polymer composites from stacks of polymer
sheets that are separated by nanotube sheets,
car windows that are electrically heated, or
antennas in car windows that have high
transparency.

The work function of these transparent
MWNT sheets (~5.2 eV) is slightly higher
than that of the ITO typically used as the
transparent hole-injecting electrode in organic
light-emitting diodes (OLEDs), and these
sheets have the additional benefits of being
porous and flexible. MWNT sheets made with
previous techniques have not been successfully
used for optically transmissive, hole-injecting
layers in OLEDs: The sheet thickness and
surface roughness dwarf the typical 100-nm
layer thickness of emissive layers needed for
OLEDs (31), thereby causing interelectrode
shorts; and in thicker devices, the unbalanced
hole and electron currents prevent light
emission. However, black sheets of solution-
spun MWNTs have been used as nontrans-
missive hole-collecting electrodes in solar
cells (/0), and transparent p-type SWNT
sheets have been used as hole-injection elec-
trodes in inorganic LEDs based on gallium
nitride (32).

We have taken advantage of the nanometer-
scale thickness, transparency, flexibility, poros-
ity, and high work function of our densified
MWNT sheets to demonstrate polymer-
based OLEDs on both flexible plastic and rigid
glass substrates (/4). Hole injection occurs
over the high-surface-area interior of the
nanoporous nanotube electrode, as opposed
to at a planar interface in the previous
inorganic LEDs (32). The onset voltage for
emission is quite low (2.4 V, about the same
as for the highest-performance ITO in
similar devices), and rather bright electro-
luminescence was obtained (up to 500 cd/m?)
(fig. S7). The emitted light is slightly po-
larized, but in an orthogonal direction from
that for the above incandescent light source,
because the MWNT sheet acts as a polariz-
er. If a polymeric light-emitting layer were
aligned using known methods (33) to pro-
vide emission in the same polarization di-
rection, absorption due to the MWNT hole
injector could be minimized, which is not
possible for conventional ITO hole-injecting
electrodes.

Although solution- or melt-based pro-
cessing becomes increasingly difficult as nano-
fiber length increases, the opposite is true for
the present solid-state sheet fabrication pro-
cess: 300-um-long nanotubes are easier to
convert into sheets than are 70-um-long nano-
tubes. Also, ultrasonication used for nanotube
dispersion in solution-based processing de-
creases nanotube length, and this degradative
step is absent from the present sheet fabrica-
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tion process. These are important advantages
of the present technology, because long, high-
perfection nanotubes are needed for max-
imizing electrical and thermal conductivities
and mechanical properties.
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Understanding the Infrared
Spectrum of Bare CH_*

Oskar Asvany,’* Padma Kumar P,?* Britta Redlich,?
Ilka Hegemann,? Stephan Schlemmer,™* Dominik Marx*}

Protonated methane, CH,*, continues to elude definitive structural assignment, as
large-amplitude vibrations and hydrogen scrambling challenge both theory and
experiment. Here, the infrared spectrum of bare CH,* is presented, as detected by
reaction with carbon dioxide gas after resonant excitation by the free electron
laser at the FELIX facility in the Netherlands. Comparison of the experimental
spectrum at ~110 kelvin to finite-temperature infrared spectra, calculated by ab
initio molecular dynamics, supports fluxionality of bare CH,* under experimental
conditions and provides a dynamical mechanism for exchange of hydrogens
between CH, tripod positions and the three-center bonded H, moiety, which
eventually leads to full hydrogen scrambling. The possibility of artificially freezing
out scrambling and internal rotation in the simulations allowed assignment of the
infrared spectrum despite this pronounced fluxionality.

Protonated methane, CH ", is of great in-
terest in vibrational spectroscopy (/—4) as the
prototype of hypercoordinated carbon and
three-center two-electron bonding (5, 6). The
equilibrium structure—that is, the global min-
imum of its potential energy surface (PES)—
can be viewed as a CH,; tripod with a H,

moiety attached to the carbon in an eclipsed
C, configuration, e-C,, via a three-center bond
(7). However, rapid hydrogen scrambling has
called into question the notion of assigning it
such a traditional molecular structure (8—11),
despite the stability of CH,* once it is formed
(12). This fluxionality has been traced back
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to an unusually shallow PES (/3-15). A
staggered structure, s-C,, only ~0.1 kcal/mol
higher in energy (/5) than e-C, is reached by
internal rotation of the H, moiety about the
quasi-C; axis while keeping the three-center
bonding pattern. Most important, a structure
where the H, moiety is broken apart—a C,,
first-order saddle point characterized by four-
center four-electron bonding (7)—is only
~0.8 kcal/mol (corresponding to ~300 cm ™!
or 0.03 eV) above the e-C, ground state (/5).
This allows for large-amplitude motion upon
quantum mechanical and/or thermal rotational-
vibrational excitation (/6-23).

Without direct access to real-space struc-
ture and dynamics (24), the only link between
experiment and theory to date has been spec-
troscopy. After considerable experimental effort
(1, 2), including a pioneering infrared (IR) study
(3) of the microsolvated cation CH*-(H,),_,,
the high-frequency wing of the C-H stretch-
ing band of bare CH, " was recently published
(4). However, no assignment or even qualita-
tive understanding could be offered (4); hence,
clear evidence of fluxionality, challenged by
mass spectrometric data (25, 26), is still lack-
ing. On the other hand, given a molecule that
continuously changes not only its shape and
the symmetry of its instantaneous structure but
also its chemical bonding topology through
rapid intramolecular dynamics, it is unclear
how the IR spectrum would look or how such
a spectrum could be assigned once known.

Here, the IR spectrum of bare, cold CH "
could be studied by combining a low-temperature
22-pole ion trap with the large tuning range
of the free electron laser (FEL) at the FELIX
facility (27, 28) and the laser-induced reaction
(LIR) technique. In LIR, infrared excitation
induces a bimolecular reaction of the parent
molecule, CH,*, and the amount of product
formed is a measure of the absorption intensity
as a function of the excitation wavelength.
The major benefits of LIR are the storage of
mass-selected ions at variable temperatures,
10 to 300 K, in conjunction with mass analysis
of product ions that are detected with close
to perfect efficiency. Thus, LIR can be much
more sensitive than traditional absorption de-
tection techniques. The experimental spectra
are complemented by the calculation of an-
harmonic IR spectra via ab initio molecular
dynamics (29-31). Dissecting the trajectories
obtained in full dimensionality elucidates
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the scrambling mechanism and its effect on the
spectrum. Furthermore, comparison of the com-
puted and the measured stretching and bending
modes strongly supports fluxionality of bare
CH," under experimental conditions. Most no-
tably, the computational strategy of artificially
freezing out scrambling and internal rotation
paves the way for assigning the IR spectrum.
In the experiment, mass-selected ions are
stored in a variable-temperature 22-pole ion
trap (Fig. 1). In the trap they interact with re-
actant gas of constant number density and
with the radiation field of an IR laser held at a
constant wavelength. After a trapping time of
several seconds, reactant and product ions are
extracted, mass-analyzed, and detected with
near-100% collection efficiency. An action
spectrum of the parent ion is obtained by
recording the number of mass-selected product
ions as a function of the IR wavelength. In
previous LIR benchmarks (32-34), a small
endothermicity hindered the reaction of inter-
est but was overcome by the resonant ex-
citation of the parent ion. For the spectroscopy
of CH,*, the enz:iothemljc proton transfer reaction
CHs* + CO,—> CHy + OCOH™ was chosen
(35). The difference in proton affinities of CO,
and CH,, amounts to an endothermicity of ~0.7
kcal/mol = 250 cm™!, implying that the reac-
tion proceeds very slowly at the trap tem-
perature of 110 (+5) K. With each filling of the
22-pole trap, an ensemble of about 3000 CH, "
ions was stored for 4 s in the cold CO, gas
environment and exposed to the tunable IR
light of the FELIX FEL (27, 28). After this
storage period, the number of OCOH* ions
produced by LIR was recorded, the laser was
tuned to the next frequency, and the trap was
filled again. The FEL was operated at its max-
imum repetition rate of 10 Hz with pulses

having a typical length of 7 ps and an energy
content varying from 10 to 30 mJ (at user sta-
tion) depending on the wavelength region. The
bandwidth of the FELIX FEL is adjustable but
always transform-limited; here, the resolution
was set to ~0.5% full width at half maximum
of the central frequency at a given wavelength.

The product ion counts were background-
corrected and divided by the spectral energy
density p = P/(4 - ¢ - Av), where P, 4, and Av
are the power, area, and bandwidth of the laser
beam, respectively, and ¢ is speed of light. The
resulting normalized action spectrum corre-
sponds to the product of the Einstein B(v) co-
efficient, the population g of the accessible
rotational states, and the reaction probability of
the excited CHy™ with neutral CO, gas (35).
To a first approximation, this reaction proba-
bility is proportional to the rate coefficient
k*(v) of the excited ion, which, unfortunately,
is unknown. Because of the limited resolution
of the laser, Av o¢ v, an increasing number of
rotational states is excited simultaneously with
increasing photon energy, hv. Assuming a
linear relationship between g and the laser
bandwidth, g ~ Av ~ v, the LIR signal should
be proportional to the product of the absorption
cross section o(v) and £*(v).

The resulting experimental spectrum (Fig.
2A) consists of a very broad high-frequency
band extending from about 2200 cm~! beyond
3200 cm™!; only the dominant peak close to
3000 cm~! was observed earlier (3, 4). The
frequency range probed here reveals important
additional features: Substructures extending
down to about 2200 cm~! are discernible at
the low-frequency wing of the dominant C-H
stretching peak. Furthermore, a broad and fea-
tureless unimodal bending band is found near
1250 cm~!. Note that the reaction probability

FELIX

e
Y% + o P

Fig. 1. Schematic of the 22-pole ion trap as used for LIR. The mass-selected ensemble of ions is
injected into the trap from the left and kept there for several seconds. Once captured, the ions are
cooled down to the trap temperature (110 K) by a short, intense helium pulse. In the trap, the ions are
exposed to reactant gas molecules and tunable laser light (coming from the right through the axially
transparent setup). The result of this interaction is detected by extracting the stored ion cloud to the right
into a mass filter and counting the number of product ions. An action spectrum of the stored parent ions is
recorded by repeating this process while scanning the IR laser. Color code: orange, carbon; red, hydrogen;

blue, oxygen.
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(and thus the a priori sensitivity of the experi-
ment) decreases with decreasing frequency, ap-
proaching the small thermal rate coefficient &
observed without laser excitation [£* (v)ﬂ k;
see dashed line in Fig. 2A]; thus, features at
much lower frequencies are difficult to detect.

To link these experimental data to a mo-
lecular picture, we computed the IR spec-
trum of bare CH, ™ at finite temperatures from
the Fourier transform of the classical time-
autocorrelation function of the total dipole
moment, subject to a quantum correction most
suitable for vibrational spectra including an-
harmonic floppy modes (36). The underlying
trajectories were generated by ab initio molec-
ular dynamics (29-31) relying on a density
functional approach (17, 18) well-tested for
comparable benchmark structures and energies
(14, 15). The absorption cross sections a(v)
shown in Fig. 2, B and C, denoted “high”-
and “low”-temperature spectra, were obtained
as a canonical average based on independent
microcanonical trajectories sampled from Nosé-
Hoover chain (30) constant-temperature runs
at 300 and 50 K, respectively. The high-
temperature simulations at 300 K lead to a
behavior known to emulate closely the true
ground-state quantum behavior (17, 18), where-
as at ~50 K hydrogen scrambling is frozen and
the internal rotation of the H, moiety is partly
frozen.

This freezing restriction clearly is an ar-
tifact, because it is known that the molecule
scrambles even in the ground state once
nuclear quantum effects are accounted for
9, 17, 18). However, at the same time, it is
an extremely useful computational trick for
separating the impact of hydrogen scrambling
and internal rotation from trivial effects due

to small-amplitude motion. Thus, the “low-
temperature” spectrum is not the expected
experimental one for bare CH," at that
temperature, but rather is a simplification for
understanding the spectral features of the
computed “high-temperature” spectrum, which
in turn should approximate the measured one.
In addition, standard power spectra or vibra-
tional densities of states (VDOS), based on
suitably defined velocity autocorrelation func-
tions of (quasi-) local modes, are of great help
in assigning the spectrum.

Overall, the computed spectrum depicted
(Fig. 2B) compares favorably with experiment
(Fig. 2A). In particular, there are three sub-
peaks contributing to the broad band extend-
ing from about 2200 to 3400 cm™! in addition
to a rather symmetric peak close to 1200 cm™!;
note that the usual frequency scaling (14, 37)
by an empirical correction factor of typically
0.91 to 0.95 would yield quantitative agree-
ment. Generally, the corresponding VDOS
above and below 2000 cm™! can by approxi-
mation be decoupled upon projection onto C-H
stretching and H-C-H bending coordinates, re-
spectively; the broad feature near 1200 cm ™!,
which comprises five modes in the harmonic
approximation (74, 19), is close to the highly
degenerate bending mode of CH,. Further de-
composition of the high-temperature spectrum
(Fig. 2B) is hampered by the fact that the
instantaneous arrangement of atoms (i.e., the
molecular structure) is constantly changing
as a result of hydrogen scrambling (23).

Fortunately, the artificial cooling of the mol-
ecule to a sufficiently low temperature results in
freezing of the scrambling dynamics. In this
nonscrambling regime (Fig. 2C), the most
prominent peak splits into a triplet centered
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Fig. 2. IR spectra of bare CH_*. (A) Experimental LIR spectrum. The number of injected CH.* parent ions
is >3000, the OCOH* signal ion count had a maximum of ~500 at the C-H bend frequency (1250
cam™ "), and the data were normalized as described in the text. The LIR rate coefficient k*(v)/k*(3000
cm™"), shown by dashed line, was calculated on the basis of the heat capacity of CH.*, the
temperature of the experiment (110 K), and the endothermicity of the LIR reaction (35). (B and C)
Absorption cross sections from high-temperature (B) and low-temperature (C) ab initio simulations;

see text for details.
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near 3220 cm™!, which is close to both the
experimental and calculated (= 3210 cm™!)
C-H stretching frequency of CH,; we also note
the good agreement of the low-temperature IR
peak positions in Fig. 2C with the resonances
of the low-energy power spectrum (/9) ob-
tained from a PES at the MP2/cc-pVTZ level
of theory. Most interesting, however, is the
qualitative agreement of the triplet structure
(due to tripod stretching modes; see below)
observed only in the nonscrambling regime
with the emergence of a three-peak character-
istic in the measured IR spectrum (3) under
progressive microsolvation of bare CH* by
H,, which has been interpreted as being caused
by a slowing down of the scrambling dynamics.

Extended time intervals exist in the non-
scrambling regime where the internal rotation
of the H, moiety about the pseudo-C; axis is
either free or hindered. In the latter so-called
librational regime, only librational motion in
the e-C, minimum is possible, whereas in the
former (rotational) regime, full rotation is ac-
tivated, thus interconverting the e-C_ and s-C,
structures (Fig. 3). Decomposition of the VDOS
reveals that the central peak of the triplet gains
intensity in the rotational regime, where all
three tripod hydrogens are statistically equiv-
alent. This dynamical degeneracy, however, is
lifted in the librational regime, which favors
the eclipsed equilibrium structure, e-C,, and
results in red- and blue-shifted satellites. The
central peak and its blue-shifted satellite are
respectively assigned to symmetric and anti-
symmetric stretches of the tripod hydrogens
that are instantaneously non-eclipsed by the
H, moiety, whereas the red-shifted satellite is
due to stretching of the eclipsed tripod hy-
drogen (74). Despite the observed pronounced
mixing of stretching and bending modes due to
anharmonicity, the peak doublet around 2425
and 2700 cm~!, which is a well-separated
feature only in the nonscrambling regime, can
approximately be assigned to those antisym-
metric and symmetric stretching modes that in-
volve only the H, moiety in agreement with the
harmonic analysis (/4).

Thus, the protons forming the H, moiety
and those engaged in the CH, tripod lead to
three well-separated stretching peaks in the
low-temperature regime, the prominent one of
highest frequency (tripod modes) having a
triplet substructure. In the high-temperature
regime where the computed spectrum matches
closely the experimental one, the lifetime of
the H, moiety is ~55 fs, allowing for several
C-H stretching vibrational periods in C-like
structures. In comparison, the time spent close
to the transition state for scrambling (see be-
low), corresponding to the lifetime of C, -like
structures, is considerably shorter: ~10 fs.
Thus, the three-center two-electron bonding
pattern, characterizing the C -like ground-state
structure and the resulting correlated motion
of the five protons around the central carbon
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Fig. 3. Top: Eclipsed (e-C) and
staggered (s-C,) structures
with CH, tripod (black and
gray) and H, moiety (blue);
saddle point structure (C, )
with three coplanar hydro-
gen atoms (blue). Bottom:
Effective PES U as a function
of the generalized coordinates
@ and V (see text), shown at
high (upper graph) and low
(lower graph) temperature,
corresponding to the scrambling
(23) and nonscrambling regime,
respectively. For the purpose

4.75

of presentation, U(D,%) is %
smoothed and set to a constant g
value above 4.75 kcal/mol = 275
in the upper graph and 1.00 e
kcal/mol in the lower graph. =

=

nucleus, is the key to understanding the IR
spectrum, despite the underlying scrambling
dynamics.

Having identified hydrogen scrambling as
the dominant dynamical process, the underlying
rearrangement path can be analyzed with the
help of Fig. 3. An effective PES, U, as explored
by the two sets of simulations, is shown in a
subspace spanned by © = t|d,, — d,,| (where
d,; is the distance between H® and HY) and /=
fi, ,F; (where fi , is the unit normal to the
plane containing f, and t,, and ¥, denote the
unit vectors along the C-H® bonds) averaged
over the fluctuations in all remaining degrees
of freedom. The three protons HD, H‘z), and
H® are those that are instantaneously in-
volved in hydrogen scrambling events, as
identified before and after every such event
by analyzing the configurational trajectories.
Briefly, 7 measures deviations of the three
scrambling protons from coplanarity (where
7 = 0), whereas @ is sensitive to their de-
viations from the C, saddle point arrangement
(where @ = 0). In the low-temperature limit of
artificially frozen hydrogen scrambling (lower
graph in Fig. 3), only internal rotational motion
of the H, moiety is possible, interconverting
the e-C, and s-C; structures without breaking
up the H, moiety. This restriction leads to two
steep, fully disconnected, horseshoe-like valleys,
implying that the molecule never explores the
PES close to (D,7) = (0,0).

Upon activating scrambling (23) by in-
creasing the temperature (upper graph), the
two valleys broaden and become connected
by an extremely flat ridge, thus yielding an
unusually shallow PES in the scrambling
coordinates. In particular, the most probable

s-Cs

D(A)

connecting path passes through (®,7) =
(0,0), which characterizes the C,  first-order
saddle point. Thus, this analysis of the PES
topology strongly supports the idea that the
C,, structure can serve as a meaningful ap-
proximation to the transition complex struc-
ture for the scrambling motion in CH,",
although deviations very large in amplitude
(i.e., ¥> 0) are observed in view of the flat-
ness of the ridge. In the scrambling regime,
the effective barrier for this process is ~0.3
kcal/mol, versus ~0.6 kcal/mol obtained along
the minimum-energy path from the static e-C,
and C,, structures. This low value implies that
fluctuations of the remaining degrees of free-
dom suppress the effective barrier to hydrogen
scrambling considerably, calling into question
reduced-dimensionality theories.

Together, these experiments and simula-
tions clearly indicate full hydrogen scrambling
of bare CH;* at experimental conditions. In
addition to describing the scrambling mecha-
nism in atomic detail, the presented methods
offer an understanding of the measured IR
spectrum despite the underlying rapid proton
motion that dynamically interconverts struc-
tures of different symmetry and chemical
bonding pattern. In particular, the fact that
the C-H stretching modes of the H, moiety
and CH, tripod resolve into distinct peaks is
arguably an experimental support for three-
center two-electron bonding being operative
in bare CH," under experimental conditions.
The current approach to IR spectra could
guide future studies on cold molecular ions
in general, exploiting the use of deuterated
species, overtone spectroscopy, microsolva-
tion, and double-resonance techniques.
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