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Infrared Photodissociation Spectroscopy of Protonated Acetylene and Its Clusters
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The protonated acetylene catiomsHzt, (also known as the vinyl cation) and the proton-bound acetylene
dimer cation (GHs") are produced by a pulsed supersonic nozzle/pulsed electrical discharge cluster source.
The parent ions are also generated with weakly attached argon “tag” atoms, lg.ACand GHs"Ar.

These ions are mass selected in a specially designed reflectron time-of-flight mass spectrometer and studied
with infrared laser photodissociation spectroscopy in the-&BDO0 cn? region. Vibrational resonances are
detected for both ions in the-€H stretching region. @€4s* has a strong vibrational resonance near 2200
cm! assigned to the bridged proton stretch of the nonclassical ion, whitlg"as no such free-proton
vibration. Instead, ¢Hs* has resonances near 1300 éntonsistent with a symmetrically shared proton in

a di-bridged structure. Although the shared proton structure is not the lowest energy isomelsoftlis

species is apparently stabilized under the supersonic beam conditions. Larger clusters containing additional
acetylene units are also investigated via the elimination of acetylene. These species have new IR bands indicating
that rearrangement reactions have taken place to produce gHeg ©ns with the methyl cyclopropane

cation structure and/or the protonated cyclobutadiene isomer. Ab initio (MP2) calculations provide structures
and predicted spectra consistent with all of these experiments.

Introduction correct energy ordering for these isomers was unclear in the
early work, the consensus of recent theory is that the bridged,
nonclassical structure lies about 4 kcal/mol lower in energy than
the classical specié$ 14 Infrared spectroscopy for £s* in

Hydrocarbon ions known as carbocations are well-known
intermediates in organic chemis#y,and these species have

been studied extensively in gas-phase mass spectrofriiimgll : . . .
carbocations are also important in astrophysics and are believed® C~H stretching region has been measured in AC discharges

to be abundant in interstellar gas cloddBased on reactivity ~ and hollow cathode sources by Oka and co-workerhe
patterns, dissociation channels, and many theoretical calculationsSPectra of the desired;B5™ ion was separated from many lines
of structures, it is now recognized that carbocations often exhibit Of acetylene and other related hydrocarbon ions and neutrals
multiple isomeric forms that may lie close in enefgjhe GHs* using velocity modulation techniques. Ground vibrational state
ion is a well-studied example of this behavior. Its symmetric and C-H excited levels exhibited tunneling splittings with
bridged configuration, known as protonated acetylene, has a sodifferent magnitudes. From this, the structural picture derived
called “nonclassical” structure, with nominally five-coordinate for this ion was one with the nonclassical structure, but with a
carbon atoms. The HG=CH, species, known as the vinyl dynamic tunneling motion that exchanged three essentially
cation, lies close to this in energy with “classical’ bonding. This equivalent hydrogen atoms. A similar picture was derived from
ion and its two structures have been studied extensively with the pure rotational spectra in the submillimeter wave region,
theory5~14 The infrared spectroscopy of 85" has been  where the tunneling splittings in the ground vibrational state
investigated in the €H stretching regiod? and its pure  were documentetf 18 The ground vibrational state barrier to
rotational spectrum has been studied at millimeter and submil- this tunneling motion was determined at# kcal/mol. Recent
limeter wavelength& '8 but there is no previous data for the  Coulomb explosion imaging (CEl) experiments called into
corresponding proton-bound dimer or the larger clusters of this question the structural conclusions of these high-resolution
system. In thg present study, a new broadl)_/ tunable infrared spectr&*2However, ab initio path integral molecular dynamics
laser system is employed to probeH3™ and its protonated  gjmlationd® and the detailed analysis of the full molecular
dimer using photodissociation spectroscopy and the method of e via| surfackd support the original structural picture derived

o oa DAY
rr:lrzlggs tggglrr:&if di Larg.er';.clusters 'nl.th.'s ?ame ?ysterp Iare from the high-resolution spectroscopy. The present experiment
studied via photodissociation and elimination of acetylene employs a pulsed nozzle/pulsed discharge source to make
molecules. The spectra across a wider range of infrared . N AL
; o - supersonically cooled £3™ and GHs*Ar ions. Moreover, we
wavelengths provides new insight into the structure of these . : S
use mass-selection to guarantee that only the desired ion is

prototypical ions. Lin the | int i . The broadly tunabl
The classical versus nonclassical structures of protona’ted!Oresen In the laser interaction region. The broadly tunable
nfrared OPO laser system now available provides more

acetylene have been investigated extensively over the years with . L .
various forms of computational chemisfryt? Although the extensive coverage of the IR spectrum, making it possible to
observe vibrations other than the-8 stretches. In particular,

* To whom correspondence should be addressed. E-mail: maduncan@'V€ are able to investigate the lower frequency region of the
uga.edu. infrared spectrum for the first time. Comparison with the
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predictions of theory make it possible to assign the new n =1 2 3 4 5
vibrations observed. |

Proton-bound dimer ions have attracted much recent atten- 53
tion.26-42 |n particular, the protonated water dimer has been
studied extensively with experimént3® and theong*36as have 39
other R-O-++-H*:--:O—R' systems’—4° There are virtually no H+( H )
studies of proton-bound dimers of hydrocarbon species like 2 2'n
acetylenel#2 The infrared spectrum measured here for the 27 79
protonated acetylene dimer investigates both thé¢iGtretching 51
region and the lower frequency fingerprint region. Again, by
comparison with the predictions of theory, the structure of the
proton-bound dimer is revealed. 103

77

. . 65
Experimental Section “5 131

The GH3™ and GHs™ ions and their weakly bound argon
complexes, gHstAr and GHs"Ar, as well as larger clusters,
are produced by a pulsed high voltage discharge in a pulsed — T T T T T
supersonic expansion. The gas mixture contains acetylene (0.3% 0 25 50 75 100 125
with 10% H, 10% Ar, and a balance of so-called “first-run” m/z
neon (70% Ne/30% He). The discharge is produced by a pair Figure 1. Mass spectrum of the hydrocarbon ions produced by our
of sewing needles (shaft diameter 1 mm) mounted in Teflon pulsed-discharge source for the acetylene gas mixture.
blocks on the face plate of a General Valve (Series 9). The two
needle tips are adjusted to form a gap with about 1 mm spacing, . )
which is mounted 45 mm downstream from the 0.5 mm Results and Discussion
diameter orifice of the pulsed valve. High voltage is appliedto  Figure 1 shows a mass spectrum of the cations and cluster
one needle in the form of a Bs pulse, generated by a high jons produced by our discharge source with the acetylene/
voltage pulser (DEI model PVX-4140), going from ground to hydrogen gas mixture. The conditions and gas mixture were
negative 800 V, and the other needle is grounded. The dischargeoptimized to produce the protonated acetylene ion and its
fires in the center of the molecular beam valve pulse of about clusters, as opposed to producing the acetylene cation and its
250-300 microsecond duration and-2@5 atm backing pres-  clusters without protonation. As shown in the figure, the mass
sure. spectrum contains a strong signal at 27 amu, which corresponds

The supersonic expansion produced by the discharge sourceo the protonated acetylene cation, and then there is a series of
is collimated by a skimmer and the cations in the resulting mass peaks spaced by the increment of 26 amu following this
molecular beam are measured with a pulsed sampling reflectronthat apparently correspond to-#C;H,), cluster ions. In addition
time-of-flight mass spectrometer. This instrument is mounted to these cluster ions built on protonated acetylene, there are
perpendicular to the molecular beam axis in a differentially several other common ions that we find in many hydrocarbon
pumped detection chamber. The operation of this instrument plasmas, including mass 394dz"), mass 51 (¢Hz"), and some
for ion photodissociation spectroscopy has been describedof their clusters with acetylene. However, the pure protonated
previously?® The desired ion is mass selected by its flight time acetylene cluster series is quite prominent, suggesting that
with pulsed deflection plates located in the first of two flight *“simple” clustering reactions are efficient.
tube sections. Photodissociation occurs in the turning region of Mass-selected ion beams have extremely low densities, and
the reflectron field, where the selected ion is excited with a direct absorption spectroscopy on these ions is not usually
pulsed infrared optical parametric oscillator/amplifier (OPO/ feasible. Therefore, ion spectroscopy often is accomplished with
OPA) laser system (Laser Vision) pumped by an injection- resonance-enhanced photodissociation, using the high sensitivity
seeded Nd:YAG laser (Spectra Physics model PRO-230, of mass spectrometer detection. However, based on the previous
equipped with “BeamLok”). The frequency range of 2600  estimates of the thermochemistry fostG*, dissociation of this
4000 cnrt s obtained using KTP oscillator and KTA amplifier  ion should require roughly 150 kcal/mdi14 Photodissociation
crystals, while the range of 862000 cnt* employs difference  of this ion in the infrared region of the spectrum is not expected
frequency generation in a Liln®r AgGaSe crystal. Residual  to be efficient. We therefore employ the method of rare gas
parent ions and any resulting photofragments are mass analyzedtagging™9-23 (also known as rare gas predissociation spec-
by their flight time through a second flight tube section. Infrared troscopy) to enhance the photodissociation yield, making it
spectra are measured by recording the fragment ion signal versugossible to obtain spectra in the infrared. In this method, the
the infrared wavelength with a digital oscilloscope (LeCroy ion of interest is produced with one or more attached rare gas
WaveRunner 6051A). atoms (typically argon or neon), and then photoexcitation occurs

Ab initio calculations are carried out at the MP2(fc) on vibrational resonances via elimination of the weakly bound
6-311++G(2p,2d) level, employing either the Gaussian @33W  rare gas atom. It is often the case that such an attached rare gas
or GAMESS program packagé$Selected species were also atom does not perturb the structure or the spectroscopy of the
studied at the MP2(full) aug-cc-pVTZ level to investigate the target ion, acting instead to provide a mechanism for measuring
effects of the different basis set. Vibrational frequencies are its spectroscopy. In the present system, we produté; @r
scaled for comparison to the experiment by a factor of 8295. and GHs"Ar, and study these species via photodissociation in
The Supporting Information for this manuscript contains the the argon-loss mass channels. Moreover, we have performed
full details of these calculations, including the structures, high level ab initio calculations of the bare ions and their argon
energetics, and vibrational frequencies for each of the isomeric complexes to investigate the role of the tag atom on the structure
structures considered. and spectroscopy.
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Figure 3. Expanded view of the band measured for thegE&Hy)Ar
{.k complex in the G-H stretching region, showing some partially resolved

rotational structure. The experimental spectrum (black) is compared
to the rotational contour predicted (red) for an asymmetric top with
two equivalent hydrogens (3:1 nuclear spin weighting) and the rotational
constants indicated.

HC+=CH2 (classical)

+
HC =CH2AF (classical) by Oka, this G-H stretching frequency also occurs quite close
to that in the acetylene molecule (3136 ¢
The lower traces of Figure 2 show the vibrational structure

— T 1 1 T T T " T 1 . . ; .
2200 2400 2600 2800 3000 3200 3400 3600 predicted by theory in the €H stretching region for the
classical versus nonclassical structures eH{, with and

-1 without argon tagging. The details of the structures computed
_ cm _ for these complexes and the vibrational frequencies derived from
Figure 2. Infrared spectrum for H(C;Hy) in the 2006-3700 cn1* them are given in the Supporting Information, and their

region measured via the argon tagging method. The experimental gnergetics are given in Table 1. These details are essentially

spectrum is compared to those predicted by theory for the classical . : 8
and nonclassical structures with and without attached argon. All the unchanged when the computations are carried out at the MP2

theoretical spectra are presented with correct relative IR intensities. (¢) 6-31H-+G(2p,2d) level (shown) or at the MP2(full) aug-
cc-pVTZ level. In the nonclassical proton-bridged structure, the

argon is bound on the proton on tk® axis. In the classical

C,H3" . Figure 2 shows the infrared photodissociation spec- structure, the argon is bound on the singlelCgroup, also on
trum of GH3z™Ar measured in the argon elimination mass theC, symmetry axis for this system. The nonclassical structure
channel. The traces below the experimental spectrum show thehas one main feature predicted in the-ig stretching region,
spectra predicted by theory for the nonclassical and classicalconsistent with the experiment, while the classical structure has
structures of this ion with and without argon tagging. The three separate €H stretches spread out over a broader
structures calculated for these ions and their full list of frequency range. These three frequencies are associated with
vibrational frequencies are presented in the Supporting Informa- the inequivalent CH and GHyroups in this structure; the latter
tion. The spectrum consists of two main features, including a has symmetric and asymmetric stretches. According to theory,
broad peak centered at 3146 thand another at 2217 crh argon has only a minor effect on the—€l stretch in the
Both of these have some structure along their edges and weakenonclassical structure. The scaled value of this frequency is
satellite peaks/shoulders on their higher energy sides. Becausgredicted at 3120 cni for the isolated gHs™ molecule and at
of its position, the 3146 cri band is readily associated with 3134 cnt? for the argon tagged species. The argon shifts in
the expected asymmetric-& stretching mode. This is appar- the bands for the classical structure are predicted to be greater,
ently the same band seen by Oka at 3142.2%dior the GH3™ but there are still three bands spread out over the 28200
ion at higher resolution and higher temperature in discharge cm™! region. Because of his limited wavelength coverage, Oka
environmentg> Our spectrum for gHs"Ar shows that argon  could only probe the region near 3100 tinHowever, because
tagging has a small, but non-negligible, effect on the position of our broader wavelength coverage, we can confirm that the
of this band. However, Oka’'s spectra was fully rotationally band seen by Oka is the only strong one in this region of the
resolved and ours is not. Therefore, our frequency assignmentspectrum. It is clear then that the pattern of bands here agrees
has some uncertainty because of our choice for the center ofnicely with the one expected for the nonclassical structure and
this broad band. It is understandable that argon would not haveis not consistent with the classical structure.
a major effect on the asymmetric-# stretch in the expected To examine the €H stretching region more closely, we have
proton-bridged structure, because it is bound at the proton sitesimulated the rotational contour expected for the asymmetric
on theC, axis, which is remote from the-€H groups. As noted stretch of the @Hz™Ar complex in its nonclassical structure
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TABLE 1: Isomers of the C,H3™ and C,H3™Ar lons, Their Relative Energies, and Their Vibrational Frequencies (Unscaled)
Calculated at the MP2(fc) 6-31%+G(2d,2p) Level of Theory Using GAMESS

total energy relative energy
isomer (Hartrees) (kcal/mol) vibrational frequencies (cr
C.Hs* nonclassical —77.3795656 +0.0 573.7(0), 693.8(25.9), 759.7(111.3),

921(47), 1316(8.8), 1923(5.7),
368.8(102.5), 3294.1(399.4), 3397.4(0.1)
CHs* classical —77.3682369 +7.1 —67.4(42.3), 661.3(24.6), 812.8(134),
110.4(0.9), 1182.4(84.5), 1765.7(85.4),
3025.1(307.2), 3102.3(232.4), 3327.8(112)
C.Hs*Ar nonclassical —604.3626211 +0.0 89.8(8.6), 104.6(42.7), 286.8(35.5),
577.2(0), 688.1(22.6), 761.4(106.9),
915.3(30.6), 1309.7(12.3), 1928.6(14.4),
2241.9(467.4), 3304.3(376.9), 3407.1(0.8)
CoHs*Ar classical —604.3501212 +7.8 20.1(7.3), 79.5(1.6), 89(35.5),
117.3(33), 709.3(5.9), 822.8(133.1),
1139.8(0.1), 1186.5(75.6), 1760.9(140.3),
3029.8(380.3), 3108.7(223.1), 3246.2(324.1)

(perpendicular-type band, with appropriate nuclear spin weight- C,Hz™ ion will have a proton stretch at about 2342350 cnv?.
ing). Figure 3 shows an expanded view of the spectrum and This value can be compared to that from previous theoretical
this simulation. Although our spectrum is by no means high work by Lindh et al., which computed a value of 2385 ¢
resolution, several of the rough features of the contour do matchMore recently, Bowman and co-workers performed an extensive
those in the simulation, providing consistency with the nonclas- analysis of the potential in this system, deriving a value of 2358
sical structure and the position of the argon. If the argon were cm™? for this vibration through a potential fi, which is in
attached on one of the terminakEl positions rather than on  excellent agreement with our estimated value.
the bridged proton, the contour would be much more narrow  The proton stretch in this acetylene system can be compared
and would have a different structure. This contour also allows to those in other iormolecule complexes studied recently. The
us to estimate the temperature of these ions, which we find to asymmetric stretch of hydronium occurs near 3500%Mbut
be about 100 K. By matching the contour with the simulation, in this system the charge is more delocalized. Dopfer and co-
we are able to determine the position for the band origin, i.e., workers?® as well as our grouf, have studied the free-proton
3146 cnrl. We are also able to determine that the weak higher stretch in protonated carbon dioxide, which occurs at 2700tcm
frequency bands at 3212 and 3364 are not caused by rotationafor the argon-tagged complex. Argon has a similar dramatic
structure, as these do not appear in the rotational simulation. Aeffect on this system, as this same vibration without the argon
weak vibrational band is predicted at higher frequency for both is calculated to occur at 3400 cf In our own recent work
the tagged and untagged species, and this could explain at leasfior the protonated acetone complex, the proton stretch occurs
one of these features. Another possibility is a combination band at 3377 cm? with argon attached, compared to the frequency
involving an argon stretch vibration. of 3450/3508 cm! calculated with/without argo?f. We have
The most interesting aspect of this spectrum is the strong also computed the proton stretch vibration for the nonclassical
vibrational band at 2217 cmd. There are no previous measure- structure of protonated ethylene, which is predicted at 2070/
ments for GHz™ in this frequency region because the IR lasers 2127 cnt?! with/without the argort? It is clear that argon has
required were not available. As shown in Figure 1, the classical a non-negligible effect when it binds at the proton site, as it
structure of the vinyl cation has no vibrations anywhere close does in all of these systems. Argon shifts the proton stretch to
to this frequency. Instead, an intense vibration is expected herelower frequencies, closer to where proton vibrations for bridged
only for the nonclassical proton-bridged structure, associated dimers are found (see below), consistent with its role as a weakly
with the stretch of the proton perpendicular to the acetylene interacting proton sharer. It is also apparent that the proton
molecular axis. Because the charge is localized here, there is astretch vibration occurs at much lower frequencies for the
dramatic effect on the dipole during vibrational motion, and acetylene and ethylene systems, when the proton interacts with
this band is expected to be quite intense, as we observe. Wea double or triple-bonded system, than it does when the proton
therefore assign this band to the proton stretching vibration. To is bound to a lone-pair in an oxygen-containing molecule. There
our knowledge, this is the first observation of such-hridging is no simple correlation with the proton binding energy, as CO
proton vibration for any gas-phase ion. has dower proton affinity than acetylene (129.1 vs 153.3 kcal/
The position of the proton stretching mode is reasonably well mol)>2 but a higher proton stretch frequency. However, the
predicted by our computations, especially if the argon is oxygen-containing molecules are heavier on average, and it may
included. However, unlike the -€H stretch, the presence of be that the proton stretch in these systems is more of a local
argon has a significant effect on the proton stretch. The oscillator than it is in the lighter molecules, resulting in a higher
frequency of this vibration also varies more with the basis set vibrational frequency.
and level of theory employed. According to our computations It is interesting to consider whether the frequency of this
at the MP2(fc) 6-311+G(2p,2d) level, this vibration is shifted  proton stretch has any implications for thgnamicalstructure
127 cnrt further to the red in the tagged complex than it is in  of C;Hs™. As noted above, the hydrogens in this system can
the isolated gHs™ ion, and the IR intensity increases by a factor exchange via tunneling, and the implications of this for the
of 4. In the computed structure, the argon is predicted to be vibration—rotation spectrum have been investigated and dis-
bound directly to the proton, and therefore a strong perturbation cussed thoroughly. Indeed, tunneling splittings have been
on this mode induced by the argon is understandable. Usingobserved in the high-resolution spectra of &kand in the
our measured value for the tagged complex and our computedmillimeter wave spectréé~18 However, questions remain about
value for the argon-induced shift, we can predict that the free the subtle details of the ground state structure. The global
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Figure 5. Structures calculated for the different isomers QHg:
(a) the methyl cyclopropane cation, (b) protonated cyclobutadiene, (c)
x 0.1 J the allyl-type chain, and d) the proton-bound acetylene dimer.
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Figure 4. Infrared spectrum measured fogHG"Ar in the 1000 to total relative
3700 cnt! region compared to the predictions of theory(MP2(fc) energy energy
6-311++G(2d,2p) level) for the proton-bound acetylene dimer structure. isomer (Hartrees) (kcal/mol)
C4Hs™ methyl cyclopropane —154.6570880 0.0

minimum energy configuration derlveq by theory is how C,Hs" protonated cyclobutadiene ~ —154.6426901 +9.0
generally accepted to be the nonclassical structure with the c,h.+alyl chain —154.6288478 +17.7

proton in a symmetric bridging position and the acetylene in a C,Hs* proton bound acetylene dimer —154.5384998  +74.7
linear configuration. The infrared spectrum of Oka and the
millimeter wave spectrum were both interpreted to arise from has the proton enclosed, as we expect for the proton-bridged
such a ground state, and ab initio path integral molecular dimer, or else it has rearranged into another isomeric structure
dynamics simulatiodd and the detailed analysis of the full that has no proton in a&-bridging position. To explore these
molecular potential surfaé® all support this structure. Our alternatives, we have performed ab initio computations on the
frequency for the proton stretch vibration in the argon complex, structures and spectra of several isomeric variantgdfCand
and its estimated value for the free molecule, fall almost exactly their argon-tagged analogues. The results of these computations
where this vibration is predicted for this symmetric proton- are presented in the Supporting Information and in Table 2.
bridged structure. Our resolution is not great enough to resolve Where they overlap, our calculations are completely consistent
any tunneling splittings. However, the Coulomb explosion with those of Cunje and co-workets.
imaging (CEIl) experiments have been analyzed in terms of a As shown in Table 2, the proton-bridged acetylene dimer is
fluxional structure, with a trans-bent acetylene moiety and a by no means the lowest energy structure faHg . Instead,
proton undergoing an orbiting motion about the acetylene several other isomers are expected to lie at lower energy on an
waist2425 Asymmetric configurations were judged to become absolute stability scale, including the methyl cyclopropane
more important at elevated temperature. As noted above, ourcation, protonated cyclobutadiene and a@QHCH—C)*=CH,
temperature is believed to be about 100 K. However, while our chain structure with an allyl-like moiety delocalizing the charge
spectrum is consistent with the symmetric bridged ground state,near one end. To determine whether any of these other isomers
it is not clear that we can exclude the asymmetric configurations are indeed present, we have calculated their structures and
proposed by the CEI experiments, as these may also have protorspectra, which are presented in Figures 5 and 6. More details
stretching in the same frequency region. This possibility should of these computations, including the specific structural param-
be investigated more carefully in future dynamical simulations. eters computed with and without argon, are provided in the
C4Hs*. Figure 4 shows the infrared spectrum recorded for Supporting Information. As shown in Figure 6, none of these
the ion GHs™Ar. Because the mass spectrum in Figure 1 isomers other than the proton-bridged dimer has a strong two-

contains species of the form™C,H,),n, we expect that @Hs™ band pattern in the €H stretching region, but rather they all
and GHs"Ar represent the proton-bridged dimer of acetylene. have bands at much lower frequencies than those measured.
The spectrum has an intense doublet at 3129/3158,amhich Also, none of the other isomers has a simple pattern below 1500

is very close to the €H band in the protonated monomer at cm™! with one or two strong bands. The only isomer aHg"

3146 cntl. There are also some weaker features just to the redwhose spectrum matches these qualitative features that we
of the doublet and a pair of bands in the lower frequency region measure is the proton-bridged acetylene dimer. Even though
at 1261 and 1365 cnt. The two bands in the €H stretching this is a high-energy structure, it is apparently stabilized against
region are much sharper than the single one in thEsC rearrangement in our experiment by the rapid cooling in the
spectrum, consistent with the smaller rotational constant and supersonic expansion and by a barrier in the coordinate that
tighter contour expected for the heavier ion. The most significant leads to rearrangement. The spectrum predicted by theory for
difference between this spectrum and that gfi¢ is that there this proton-bridged isomer is shown in Figure 4, where it is
is no free proton stretch near 2200 tmThis ion therefore plotted below the experimental spectrum. As shown, the major
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Figure 6. Infrared spectra simulated for the different isomers gfi{£-
Ar using the IR band positions and intensities calculated at the MP2-
(fc) 6-311++G(2d,2p) level. Frequencies were scaled by a factor of
0.95. All spectra are presented with correct relative IR intensities.
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qualitative features of the spectrum are reproduced, but minor

bands near 29663000 cnt! are not predicted and the doublet
at 1261/1365 is also not matched exactly by the theory.
The structure calculated for the proton-bound dimer is one

Douberly et al.

level. However, we find that argon tagging again breaks the
symmetry of the complex, and this vibration becomes a doublet
predicted at 1091/1118 crh at the MP2(fc) 6-31++G(2d,-

2p) level. Unfortunately, we were unable to get the calculations
to converge at the MP2(full) aug-cc-pVTZ level for the argon
complex. As shown in the spectrum, we observe a doublet at
1261/1365 cm?, which is significantly higher than the values
predicted with the smaller basis set. The less-than-perfect
agreement between theory and experiment here is not too
surprising. Our calculations necessarily derive the proton
vibrational frequency for the complex in its asymmetric position
at the bottom of the potential well, even though we recognize
that the zero-point of this vibration will actually place the proton
in a symmetric configuration. This will undoubtedly have a
significant effect on the vibrational frequency. Additionally, it
is also possible that the frequency of the shared proton vibration
is perturbed via Fermi resonance with other low-frequency
vibrations. As shown in our computations, the fundamentals of
the cis- and trans-bending vibrations on the acetylene units in
this complex fall in the frequency range of 66000 cntl.
Overtones and various combinations of these vibrations would
fall in the same frequency region as the fundamental of the
shared proton stretch, providing other opportunities for vibra-
tional complexity. The shared proton vibration in this system
definitely needs to be investigated with more sophisticated
theoretical methods than those employed here.

Shared proton vibrations have been a topic of ongoing interest
for the last several years. The IR spectra of these species have
been reported for superacid matrix sampgke¥, but more
detailed investigations have been reported for mass-selected ions

with a near-symmetrically shared proton having the two INthe gas phase using free electron la8e¥s***%or new OPO

acetylenes at right angles to each other. The symmetry is nearly'aser systeni8*4%to access the fingerprint region of the IR.
D.q, except that the proton is more closely associated with one In various studies of the protonated water dimer, shared proton

acetylene than it is with the other (1.279 vs 1.714 A) at its
equilibrium () position. This structure is consistent with that
computed previously by Grabowski et“dlThe asymmetric

proton-binding structure suggests that the potential in the proton-

stretching vibrations have been measured in the region near 1100
cm~ 131735 |nitial experiments employing free electron lasers
produced broad spectra with complex structure that was sensitive
to the laser power employed in multiphoton procesés.

acetylene coordinate has a double minimum. However, an However, more recent studies in the Johnson lab employed rare

analysis of this potential (see Supporting Information) indicates
that the central barrier is only about 15 thabove the minima,

gas tagging experiments and low laser powers, making it
possible to observe spectra more like the one-photon absorption

and therefore its zero-point energy should place the proton aboveSPectruni®**In these systems, simpler spectra with fewer bands

this barrier in the symmetric position. Without the zero-point
averaging, there are two strong IR-active vibrations in théHC
stretching region that have significant intensity. These are

were observed. However, the multiplet structure measured in
the spectrum could not be reproduced with harmonic vibrational
fundamentals, but rather appeared to be the result of Fermi

asymmetric stretches on the two acetylenes, one which is closef@sonances or other perturbatigh’-**Johnson and co-workers
to the proton and one that is away from it. In the real molecule have extended the same methodology to study a variety of
with zero-point averaging, these modes are degenerate. An outR—0-*H*+-:O—R’ systems with a range of proton affinity
of-phase symmetric stretch on the two acetylenes is also IR differences between R and Bpecies” When there is a large

active, but this has very low intensity. In the tagged complex,
argon attaches to one of the-€l groups of acetylene, breaking
the symmetry of the complex and splitting the asymmetric

proton affinity difference, the proton may become localized and
its frequency tends toward much higher values, even approach-
ing the free-proton stretching region seen here for our monomer

stretches. The vibration on the acetylene attached to argon isSPecies. However, for many symmetric systems (i.e=Rf,

strongly red-shifted by about 120 ch) and the one remote
from the argon is hardly shifted at all. As shown in the spectrum,
we observe these two-€H stretching bands with a spacing
and relative intensity in good agreement with the predictions
of theory. This confirms not only that two acetylene units are

present, but except for the argon, they are essentially equivalent

in the structure.

The only other IR-active mode expected above 1000cm
is the shared proton stretching motion. We find that the
frequency of this vibration is quite sensitive to the basis set
employed. At the MP2(fc) 6-31+G(2d,2p) level, the free
molecule has a single band predicted at 1009 cwhereas
this vibration is at 1212 cmt at the MP2(full) aug-cc-pVTZ

the proton stretch was observed in the 160200 cnr?!
frequency range. Our research group has recently measured the
shared proton vibration in the HiICO,), and H"(acetone)
systems, and the vibrations for these species are found near 900
Cm_l.49'50

It is understandable that the proton-shared dimer detected here
might be formed initially, but it is not clear how this structure
can survive when gHs* has other more stable structures (see
Figure 5). Apparently, there must be substantial barriers on the
potential surface that limit the rearrangement(s) of this ion. To
explore this aspect of the,8s" system, we have investigated
its potential energy surface to attempt to identify barriers, if
any, on this surface. Figure 7 shows the results of these
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Figure 7. Schematic diagram of the reaction coordinate faHg,
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its acetylene ligands are quite mobile. Two pathways, both
involving Cs symmetry transition structures, are identified
(Figure 7). One of these, shown on the left side of the figure,
is unproductive, and only leads, over a 14.4 kcal/mol barrier,
to a 6.9 kcal/mol higher energy,8s" complex with a GH,
attached to an end, rather than to the bridged H of a nonclassical
vinyl cation. The second pathway, shown on the right of Figure
7, is productive as it leads to the much more stable family of
carbon-bound @Hs* isomers (see Figure 5). In effect, the
bridged proton in the 45" sandwich complex moves to one
side to allow attachment of the secongHz to the exposed
carbon. Although not detected in the present experiments, the
pathway “downhill” from this achiraCs C4sHs" transition state
leads eventually to chiral (extended allyl) products and must
involve a ridge-valley inflection poirftt The final achiral
products form subsequently. It is remarkable that the modest

showing the barriers and relative energies of different possible reaction barrier along this path (11.4 kcal/mol at MP2(fc)aug-cc-pVDZ)

products.
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Figure 8. Infrared spectrum measured for theHz" ion (black)
compared to the spectra predicted by theory for different isomeric
clusters of this ion (from MP2(fc) 6-3H#1+G(2d,2p) computations with
0.95 scaling). All the theoretical spectra are presented with correct
relative IR intensities. The top trace from theory (cyan) shows the
spectrum predicted for the acetylene complex of the methyl cyclopro-

is not overcome under the experimental conditions. The final
temperature of the experiment after the supersonic expansion
may be near 100 K, at whickT is only about 0.2 kcal/mol.
However, higher temperatures are almost certainly present in
the early stages of cluster growth in the discharge. In related
work, we attempted to observe the corresponding proton-shared
ethylenadimer, GHg™. However, rearrangement in that system
was extremely facile, producing the global minimumHg"
structure of the tertiary butyl catidh.

Larger Clusters. To further examine the nature of proton
accommodation in these acetylene-based systems, we have also
measured the infrared photodissociation spectra for g 'C
and GHg™ ions. As shown in Figure 1, these ions are the next
two members in the HC;H,), series in the mass spectrum.
Argon tagging was not effective for these larger species, but
we found that their photodissociation was efficient in the mass
channel corresponding to the loss of acetylene in theHC
stretching region. Unfortunately, these larger ions did not
photodissociate at lower energies, and so we could not
investigate the free-proton stretch region (near 2200 mor
the shared proton stretch (near 12AB00 cnT?). The lack of
photodissociation at lower energy is consistent with the binding
energy for the excess acetylene to these species that we compute
(2100-2800 cntl). The spectrum in the 2868500 cnt?!
region for the GH;' ion is shown in Figure 7, where it is
compared to spectra predicted by theory for various isomeric
structures. Both of the spectra fogtG+ and GHg* (not shown)
are quite similar, with a relatively sharp and most intense band
near 3260 cm?!, a doublet near 3130/3160 cfy and weaker
broad bands near 2900 and 3020 ¢énThe doublet near 3130/
3160 cnT? corresponds closely to that seen in the proton-shared
dimer spectrum at 3129/3158 cfnHowever, the strong feature
near 3260 cm! and the broad bands at lower energy do not
appear in either of the spectra for the protonated monomer or
dimer.

Because the £;" species loses £, upon IR excitation,

pane cation. The next trace (wine) shows that for the acetylene complexits structure can be viewed as an acetylene-solvajeigQunit.
of the protonated cyclobutadiene ion. The third trace (blue) shows the \We have therefore employed calculations to investigate the

spectrum for the acetylene complex of the allyl-type chain isomer, while

the last trace (green) shows the spectrum for the acetylene complex of
the proton-shared acetylene dimer. The latter spectrum is scaled

isomers of GHs™ discussed above, but now with an extra
attached acetylene unit. The IR spectra predicted for these

downward in absolute intensity because the proton stretch band is solSOmers are shown in Figure 7. The lower trace from theory

intense.

computations. The proton in the initial85% complex is

(green) shows the spectrum predicted for the proton-shared
acetylene dimer with an additional attached acetylene. This
structure would be expected forld; ™ if the dimer structure

unsymmetrically sandwiched between two perpendicular acety-found above for GHs™ adds an additional acetylene unit in a

lenes, withC,, rather tharD,q symmetry. Coordinate displace-

“simple” solvation process. The spectrum predicted for this

ment varies the energy gradually, showing that the proton and structure is much like that of £ls"Ar presented above in Figure
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4 in the C-H stretching region, where a doublet is found, but with one excess acetylene. El-Shall and co-workers have
the position of the doublet is predicted to be at higher frequency reported the formation of the benzene cation from acetylene
here. However, because the extra acetylene is bound viath C  excited with energetic electron impact ionizatfdr-However,
group pointing into itsz cloud, there is also a weak hydrogen we have calculated this spectrum (see Supporting Information),
bond in this structure for §H;". This leads to a red-shifted and we have also measured the protonated benzene spectrum
C—H stretch that gains extra oscillator strength, and an intensemade directly from a benzene precur®ihe main features
band is predicted near 2960 ck The experimental spectrum  of that spectrum do not match the ones measured here.
for both GH7" and GHg* contain a doublet band near 3130/ Therefore, GHy™ in this experiment most likely represents the
3160 cn7?, whose position is almost exactly the same as that same core ion structure(s) seen faHg", but solvated with
for the GHs*Ar ion, but this is further to the red than the doublet one extra acetylene.
predicted for the acetylene-solvated proton-shared dimer struc- It should be noted that our photodissociation mode of
ture. Also, the broad band near 3020 ¢nis somewhat close  detection introduces a possible source of bias in these spectra.
to the position predicted for the €H hydrogen bond. We For example, it may be true that some bargH& ions do
therefore cannot rule out that a small amount of these ions dorearrange to the more stable protonated cyclobutadiene or methyl
represent simple solvation products ofHg" in the proton- cyclopropane structures. If they are internally warm following
shared dimer structure. However, this kind of structure does this energy-releasing process, then these ions may not attach
not predict any vibrational bands near 3260 ¢mwhere the argon efficiently, and they would not be detected in our
experimental spectra have their strongest feature. Therefore experiment on ¢Hs"Ar. According to our computations, argon
additional structures must be considered. binds much more weaklh\De = 400—600 cnT?) than acetylene

To determine what other structures are represented in the(De = 2100-2800 cn?) to these GHs" ions, and it should
larger ions, we have investigated other possible acetyleneattach more effectively to cold ions. However, reacted ions with
clustering products including the more stable isomers noted internal energy could conceivably still attach a stronger-binding
above for GHs" (see Supporting Information). The upper trace acetylene molecule. This would lead to a bias for unreacted
in Figure 7 (cyan) shows the spectrum predicted by theory for SPecies with argon tagging but allow detection of reacted species
a GiHs*(CoHo) unit in which the GHs* core has the methyl ~ With attached acetylene. This may explain to some degree why
cyclopropane cation structure. The second trace (wine) showsWe See only unreacted,Bs" with argon tagging, but reacted

the spectrum predicted for,8s"(C;H5) when the GHs* core isomers of this ion with acetylene elimination. Unfortunately,
has the protonated cyclobutadiene structure. Finally, the third W& Only detect the ions at any given mass that have the required
theory trace shows the spectrum predicted fQH&(CoH2) leaving group for photodissociation, and we are only able to

when the core has the allyl-type chain structure. As shown in SPeculate about what cluster growth processes have produced
the figure, all of these so-called “reacted” structures give rise those ions. However, at each cluster mass that we study, we

to a strong band near 3250 ci(assigned to the asymmetric find that the photodissociation processes are relatively efficient.

stretch of the external acetylene), where the strongest band inT he spectra that we measure are therefore expected to represent

the spectrum is seen. Each also has medium intensity bands i€ major population of ions at that mass, regardless of how
the 3006-3150 cm region, where weaker bands are measured, ey Were formed.

and a weak band at 3350 ctaHowever, the allyl chain isomer )

has a strong band predicted near 2970 tihat corresponds ~ Conclusions

to only a broad weak band in the experimental spectrum.  Ney infrared spectroscopy measurements are reported for the
Although we cannot rule out a minor contribution from this - protonated acetylene cation and its clusters of the nominal form
isomer, it also does not seem to be the major component presentyy+(c,H,), using mass-selected photodissociation. The small
The remaining two theoretical spectra both have peaks in ¢jysters are studied with argon-tagging methods, while the larger
relatively good agreement with the experiment. The top theory species are detected via the photoinduced elimination of
trace, which is the one for the acetylene complex of the methyl 5cetylene. The spectrum for thekG+ species is found to be
cyclopropane cation, has almost perfect agreement with the completely consistent with the nonclassical proton-bridged
experimental spectrum. This spectrum looks essentially the samestrycture. The €H stretching region in this ion, which is
as that predicted for this same isomer without the extra acetylenegetected with argon-tagging photodissociation spectroscopy,
(see Figure 6, bottom trace) except for the strong 3250'cm  matches well with that reported previously by Oka and
band and the weak 3350 ciband. It is therefore tempting to  co-workers with higher resolution direct absorption measure-
conclude that this structure is the only one present. This is ments. The detection of the bridged proton stretching mode near
possible, but considering the uncertainties in the theory, it is 2200 cnt? confirms the nonclassical structure and represents
not possible to completely eliminate the protonated cyclobuta- the first report of the proton stretching mode inzebridged
diene structure. We therefore conclude that these spectra forcomplex.
CeH7" and GHo" represent ¢Hs" ions that have rearranged The spectrum of gHs*Ar is assigned to the proton-bridged
to either the methyl cyclopropane cation or the protonated gcetylene dimer, providing the first spectroscopic observation
cyclobutadiene structures, each solvated with one or two extragf 5 proton shared between the twosystems of unsaturated
acetylenes. This is satisfying, because these two structureshydrocarbons. The shared-proton stretching modes are observed
represent the lowest energy isomers faHE'. Although these i the 1200-1300 cn1 region. Although there are several lower
isomers of GHs* have been suggested previously by theSry,  energy isomers for £is*, the nonclassical structure of proto-
this is the first observation of their infrared spectra. In related nated acetylene survives in the bridged dimer, apparently
chemistry, we have previously also seen the formation of pecause there are barriers to rearrangement and the cold
cyclobutadiene from acetylene when four or more acetylene sypersonic expansion conditions inhibit their passage. It is also
molecules were attached to the nickel cafibn. interesting that the shared proton stretching vibration in this
It is also worth mentioning that thegBg™ spectrum could sr-bridging system occurs at a frequency quite close to that in
conceivably represent a protonated benzene structure solvatedhe protonated water dimer and other symmetrically shared
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vibration should depend on the proton binding energy and the
detailed shape of the potential in the proton coordinate. We
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interactions.
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detected individually. Instead, it appears that activation barriers 12051.

can be traversed more readily in these systems, allowing
rearrangements to more stable configurations. The IR chro-

mophores in both gH;" and GHg™ appear to have significant
isomeric contributions from ions based on the cordHg
moiety with the methyl cyclopropane or protonated cyclobuta-
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diene structures. These core ions are the two lowest energyjordan, K. D.Science2005 308 1765.

isomers for GHs™, and the present data provides the first
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experimental evidence for these structures. The presence of mor%Oh”SO”v M. AJ. Phys. Chem. 2005 109, 1487. (b) Hammer, N. I.;
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reaction products in larger clusters is understandable and isp . McCoy, A. B.. Huang, X.; Bowman, J. M.: Carter, & Chem. Phys.

expected to vary considerably in efficiency depending on the
ion source conditions (initial temperature and cooling rate).

Other more complex structures are conceivable from these same,
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