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Abstract: Mid-infrared photodissociation spectra of mass selected C3H3
+-N2 ionic complexes are obtained

in the vicinity of the C-H stretch fundamentals (2970-3370 cm-1). The C3H3
+-N2 dimers are produced in

an electron impact cluster ion source by supersonically expanding a gas mixture of allene, N2, and Ar.
Rovibrational analysis of the spectra demonstrates that (at least) two C3H3

+ isomers are produced in the
employed ion source, namely the cyclopropenyl (c-C3H3

+) and the propargyl (H2CCCH+) cations. This
observation is the first spectroscopic detection of the important c-C3H3

+ ion in the gas phase. Both C3H3
+

cations form intermolecular proton bonds to the N2 ligand with a linear -C-H‚‚‚N-N configuration, leading
to planar C3H3

+-N2 structures with C2v symmetry. The strongest absorption of the H2CCCH+-N2 dimer in
the spectral range investigated corresponds to the acetylenic C-H stretch fundamental (ν1 ) 3139 cm-1),
which experiences a large red shift upon N2 complexation (∆ν1 ≈ -180 cm-1). For c-C3H3

+-N2, the strongly
IR active degenerate antisymmetric stretch vibration (ν4) of c-C3H3

+ is split into two components upon
complexation with N2: ν4(a1) ) 3094 cm-1 and ν4(b2) ) 3129 cm-1. These values bracket the yet unknown
ν4 frequency of free c-C3H3

+ in the gas phase, which is estimated as 3125 ( 4 cm-1 by comparison with
theoretical data. Analysis of the nuclear spin statistical weights and A rotational constants of H2CCCH+-N2

and c-C3H3
+-N2 provide for the first time high-resolution spectroscopic evidence that H2CCCH+ and c-C3H3

+

are planar ions with C2v and D3h symmetry, respectively. Ab initio calculations at the
MP2(full)/6-311G(2df,2pd) level confirm the given assignments and predict intermolecular separations of
Re ) 2.1772 and 2.0916 Å and binding energies of De ) 1227 and 1373 cm-1 for the H-bound c-C3H3

+-N2

and H2CCCH+-N2 dimers, respectively.

I. Introduction

The C3H3
+ ion is a fundamental hydrocarbon cation and plays

a central role for many important processes in physical and
organic chemistry. Two isomeric structures of C3H3

+ have
previously been identified by mass spectrometric and spectro-
scopic techniques1-10 and both are also observed in the present
work (Figure 1): the cyclic planar cyclopropenyl cation
(c-C3H3

+, D3h) and the open-chain planar propargyl cation
(H2CCCH+, C2V). c-C3H3

+ is the smallest aromatic cation with
two delocalizedπ electrons and is≈25 kcal/mol more stable
than H2CCCH+.2 This experimental observation is confirmed
by numerous ab initio calculations, which predict high barriers
to interconversion between the two most stable C3H3

+

isomers.11-15 Other C3H3
+ isomers (e.g., CH3CC+ and H2CCHC+)

are calculated to be significantly less stable than c-C3H3
+ and

H2CCCH+ and have not been identified experimentally.12-15

Both H2CCCH+ and c-C3H3
+ are considered to be central
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Figure 1. Geometrical data (in Å) of the minimum structures of
c-C3H3

+, H2CCCH+, and their complexes with N2 calculated at the
MP2(full)/6-311G(2df,2pd) level. The interatomic separation in free N2 is
calculated as 1.1108 Å.
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cations in the ion-molecule reaction chemistry of terrestrial
and extraterrestrial hydrocarbon plasmas.16-23 For example,
c-C3H3

+ is assumed to be the major precursor for c-C3H2, an
ubiquitous molecule in interstellar media.20-24 Similarly,
H2CCCH+ is likely to be involved in the production of
interstellar H2CCC.21,25 The probable detection of c-C3H3

+ in
the coma of comet Halley by mass spectrometry has also been
reported.26 In addition, c-C3H3

+ is a major ion in hydrocarbon
flames and thus discussed as an important nucleation center for
soot formation in combustion processes.16-19 C3H3

+ is also a
common fragment ion observed in the mass spectra of hydro-
carbon molecules.

Despite their importance, spectroscopic information at the
level of rotational resolution is lacking for all C3H3

+ isomers.
Lower resolution studies of H2CCCH+ include photoelectron
spectra,5,9 yielding the fundamental frequencies forν1-ν7 (Table
1), and a recent Ne matrix isolation spectrum.10 No gas-phase
spectrum is available for c-C3H3

+. However, nearly all funda-
mental frequencies of this ion are known from infrared (IR)
spectra of polycrystalline c-C3H3

+X- salts,1,4 Raman studies of
such salts in liquid SO2,4 and an IR spectrum of c-C3H3

+

embedded in a Ne matrix.10 Furthermore, ab initio data on the
equilibrium structure, harmonic frequencies, and rotation-
vibration parameters derived from anharmonic force fields are
available forbothc-C3H3

+ (refs14and27-29)andH2CCCH+.30,31

The present work reports IR spectra and quantum chemical
calculations of isomeric C3H3

+-N2 dimers. The results provide
new information about the structural, spectroscopic, and ener-
getic properties of c-C3H3

+ and H2CCCH+ and their intermo-
lecular interaction with N2. Several weakly bound complexes
of the type C3H3

+-X with stable molecules X have been
identified in mass spectrometric studies.6-8,32 Some of them
correspond to collisionally stabilized intermediates of chemical
reactions involving C3H3

+ and X. Often, the different reactivity
of c-C3H3

+ and H2CCCH+ toward neutral molecules X is used
to distinguish between both isomers (with H2CCCH+ being
usually more reactive).3,6-8 Selected ion flow tube studies show
that both c-C3H3

+ and H2CCCH+ do not react with inert N2.7

In contrast to mass spectrometric studies, no spectroscopic data
exist for C3H3

+-X dimers. Thus, the present study on
C3H3

+-N2 provides the first spectroscopic information about
structure and stability of such complexes. Information about
the intermolecular potential of C3H3

+-X dimers is desired to
improve our understanding of the intermolecular interaction and
ion-molecule reaction chemistry of the various C3H3

+ isomers.
Interestingly, both C3H3

+ ions observed offer several favorable
competing ligand binding sites. For example, in c-C3H3

+-N2

the N2 ligand may bind to theπ-electron system of the aromatic
ring (π-bond) or to one of the three equivalent carbon (C-bond)
or hydrogen atoms (H-bond). IR spectra of benzene+-N2 and
phenol+-N2 indicate that N2 forms a π-bond to the benzene
cation33 and a H-bond to the O-H group of phenol+.34,35 In
the case of H2CCCH+, N2 may form a H-bond to a proton of
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Table 1. Harmonic Frequencies (unscaled), Complexation-Induced Frequency Shifts (in cm-1), IR Intensities (in km/mol) and Symmetry
Species for the Vibrations of c-C3H3

+ (D3h), H2CCCH+ (C2v), and their H-Bound N2 Complexes (C2v) Calculated at the
MP2(full)/6-311G(2df,2pd) Level (For Comparison, Available Experimental Fundamental Frequencies Are Listed)

mode H2CCCH+/N2

expa

H2CCCH+/N2

calc
H2CCCH+-N2

calc
∆

calc
mode c−C3H3

+/N2

expb

c-C3H3
+/N2

calc
c-C3H3

+-N2

calc
∆

calc

ν1(a1) 3319 3412 (113) 3297 (486) -115 ν1 3183 3352 (0/a1′) 3344 (2/a1) -8
ν2(a1) 3130 3155 (22) 3156 (18) 1 ν2 1626 1657 (0/a1′) 1653 (3/a1) -4
ν3(a1) 2122 2257 (395) 2239 (617) -18 ν3 (1031) 1057 (0/a2′) 1075 (0/b1) 18
ν4(a1) 1465 1499 (9) 1500 (12) 1 ν4 3138 3302 (225/e′) 3243 (364/a1) -59
ν5(a1) (1106) 1141 (29) 1144 (11) 3 3305 (105/b2) 3
ν6(b1) 1183 1160 (9) 1156 (9) -4 ν5 1290 1339 (77/e′) 1340 (63/a1) 1
ν7(b1) (910) 881 (8) 974 (5) 93 1333 (36/b2) -6
ν8(b1) 273 (25) 301 (20) 28 ν6 927 953 (64/e′) 952 (25/a1) -1
ν9(b2) 3266 (47) 3268 (43) 2 982 (23/b2) 29
ν10(b2) 1049 (1) 1050 (1) 1 ν7 758 784 (70/a2′′) 806 (61/b1) 22
ν11(b2) 696 (43) 815 (31) 119 ν8 (990) 1032 (0/e′′) 1032 (0/a2) 0
ν12(b2) 294 (21) 306 (16) 12 1079 (1/b2) 47
νs (a1) 120 (26) νs 108 (22/a1)
νb(b1) 118 (0) νb 126 (0/b1)
νb(b1) 51 (0) νb 68 (0/b1)
νb(b2) 123 (0) νb 112 (1/b2)
νb(b2) 53 (0) νb 55 (0/b2)
νN-N 2330c 2204 (0) 2211 (7) 7 νN-N 2330c 2204 (0) 2208 (6) 4

a Gas-phase fundamental frequencies of H2CCCH+ are derived from ZEKE spectra of H2CCCH with an uncertainty of(10 cm-1 (ref 9). Values in
parentheses are obtained from combination bands.b Fundamental frequencies of c-C3H3

+ are measured in liquid SO2 or in polycrystalline c-C3H3
+X- salts

(ref 4). Values in parentheses are derived from a normal coordinate analysis.c Gas-phase fundamental frequency (ref 64).
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either the CH2 group or the acetylenic C-H bond. The IR
spectra of C3H3

+-N2 produced in a low-temperature supersonic
plasma and the quantum chemical calculations presented in the
present work will reveal the most favorable binding site of N2

for both C3H3
+ isomers. Moreover, important spectral informa-

tion about the properties of free c-C3H3
+ and H2CCCH+ can

be derived from the rovibrational analysis of the C3H3
+-N2 dimer

spectra in conjunction with the calculations. This strategy is
frequently called messenger technique and has been successfully
employed to derive spectroscopic parameters of bare ions from
their corresponding cluster spectra.33,36-41

II. Experimental Section

IR photodissociation spectra of C3H3
+-N2 ionic complexes are

recorded in a tandem mass spectrometer.42,43 The complexes are
produced in an ion source combining a pulsed and skimmed supersonic
expansion with electron impact ionization.42 All spectra shown in the
present work are obtained by expanding a gas mixture of allene
(H2CCCH2), Ar, and N2 in the ratio of 1:100:100 at a backing pressure
of 5 bar through a pulsed nozzle into a vacuum chamber. Electron
impact ionization close to the nozzle orifice and subsequent ion-
molecule and three-body association reactions lead to the formation of
C3H3

+-N2 complexes. A typical mass spectrum of the ion source in
the range 10-70 u is reproduced in Figure 2. This mass spectrum is
dominated by Nn+, Ar+/C3H4

+, N2
+-Ar/C3H4

+-N2, and C3H3
+. In

agreement with previous electron impact mass spectra of allene, the
by far largest fragment ion produced is the C3H3

+ ion.44 The intensity
ratio of the C3H3

+-N2 and C3H3
+ mass peaks is of the order of 1:300.

The IR spectrum of C3H3
+-N2 complexes under these experimental

conditions reveals high abundance of both H2CCCH+ and c-C3H3
+ in

the ion source. To substantially suppress the production of one of the
two isomers, allene has been replaced by other precursors. IR spectra
recorded with propyne (H3CCCH), 3-chloro-1-propyne (ClH2CCCH),

or benzene (C6H6) are, however, qualitatively similar to those obtained
with allene, implying that the relative abundance of H2CCCH+ and
c-C3H3

+ is roughly independent within this group of precursors. All
spectra presented here are obtained employing allene because this
precursor produces the by far largest C3H3

+-N2 currents.

The produced ions are extracted from the source through a skimmer
into a quadrupole mass spectrometer tuned to the mass of C3H3

+-N2

(67 u). The mass selected dimer beam is then injected into an octopole
ion guide, where it interacts with the counter propagating IR laser pulse.
Photoexcitation of C3H3

+-N2 into metastable rovibrational levels above
the lowest dissociation threshold causes fragmentation into C3H3

+ and
N2. No other fragment channels are observed. The produced C3H3

+

fragment ions are selected by a second quadrupole mass filter (tuned
to 39 u) and monitored as a function of the laser frequency to obtain
the IR action spectrum of C3H3

+-N2. Pulsed and tunable IR laser
radiation is generated by an optical parametric oscillator (OPO) laser
system pumped by a Nd:YAG laser. The laser frequency is calibrated
to better than 0.02 cm-1 by optoacoustic reference spectra of HDO
recorded simultaneously with the photodissociation spectrum using the
signal output of the OPO, and interpolation between reference lines is
facilitated by transmission e´talon markers of the OPO oscillator. All
line positions are corrected for the Doppler shift (+0.04 cm-1) induced
by the kinetic energy of the ions in the octopole (Ekin ) 6.5( 0.5 eV).
The Doppler width derived from the estimated uncertainty inEkin (0.002
cm-1) is well below the laser bandwidth (0.02 cm-1). All spectra are
normalized for laser intensity variations by using an InSb IR detector.

III. Ab Initio Calculations

The electronic ground states of the closed-shell c-C3H3
+ and

H2CCCH+ ions and their dimers with N2 are investigated by
ab initio and density functional calculations.45 All re-
sults reported in the present work are obtained at the
MP2(full)/6-311G(2df,2pd) level of theory. Extensive calcula-
tions have also been performed at the B3LYP level with the
6-311G(2df,2pd) basis set, as well as the HF, B3LYP, and
MP2(full) levels with the 6-31G* basis set. The results of these
lower level calculations are in qualitative agreement with the
data obtained at the MP2(full)/6-311G(2df,2pd) level and are
not discussed in detail further. The calculations provide
information about structure and vibrational frequencies and IR
intensities of the C3H3

+ isomers and their N2 complexes.
Moreover, the properties of the intermolecular interaction and
its influence on the monomer ions are characterized (e.g.,
intermolecular separation and binding energy, intermolecular
frequencies, effects of complexation on the monomer properties).
The global minima on the respective intermolecular potentials
are located by gradient optimization relaxing all coordinates,
and the nature of stationary points is verified by frequency
analysis. Calculated intermolecular binding energies of the
dimers are fully counterpoise corrected for the basis set
superposition error.46 The results of the calculations are sum-
marized in Figure 1 and Table 1. As the C3H3

+ normal modes
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Phys.1989, 91, 7319.
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(39) Pino, T.; Boudin, N.; Brechignac, P.J. Chem. Phys.1999, 111, 7337.
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Figure 2. Typical mass spectrum of the ion source in the range 10-70 u
obtained by expanding a gas mixture of allene (H2CCCH2), Ar, and N2 in
the ratio of 1:100:100 at a backing pressure of 5 bar. The spectrum is
dominated by Nn+, Ar+/C3H4

+, N2
+-Ar, and C3H3

+. The N2
+ and Ar+ peaks

are saturated. The inset shows part of the mass spectrum expanded by a
factor of 5 to show the mass peak of C3H3

+-N2. The intensity ratio of the
C3H3

+-N2 and C3H3
+ peaks is of the order of 1:300.
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are only slightly modified upon N2 complexation, the nomen-
clature employed for the normal modes of C3H3

+-N2 refers to
the intramolecular modes of C3H3

+ (νi), the N2 stretch vibration
(νN-N), and the intermolecular bending and stretching modes
(νb, νs), respectively. A figure of the normal modes of c-C3H3

+

may be found in ref 28.

In agreement with previous calculations, c-C3H3
+ (D3h) is

found to be the most stable isomer of C3H3
+. The calculated

equilibrium geometry (Figure 1) and harmonic vibrational
frequencies (Table 1) are also in satisfying agreement with
available experimental and theoretical data. The global minimum
on the intermolecular potential of c-C3H3

+-N2 corresponds to
the planar H-bound structure, in which the N2 ligand forms a
linear ionic hydrogen bond to one of the three equivalent protons
of c-C3H3

+ (Figure 1, C2V). The intermolecular bond is
characterized by a dissociation energy ofDe ) 1227 cm-1, an
intermolecular H-N separation ofRe ) 2.1772 Å, and a
harmonic intermolecular stretching frequency ofωs ) 108 cm-1.
As expected, the major effect of N2 complexation on the
c-C3H3

+ ion is an elongation of the C-H bond adjacent to the
intermolecular bond (∆re ) 0.005 Å). The calculated equilib-
rium structure of c-C3H3

+-N2 is close to a prolate symmetric
top (κe ) -0.996), with rotational constants ofAe ) 1.0326
cm-1, Be ) 0.0455 cm-1, andCe ) 0.0436 cm-1. In general,
the intermolecular bond has only modest effects on the
vibrational frequencies and IR intensities. Most relevant for the
present work are the effects on the C-H stretch fundamentals.
Complexation reduces the symmetry fromD3h for c-C3H3

+ to
C2V for H-bound c-C3H3

+-N2. As a consequence, the IR
forbidden symmetric stretch vibration,ν1(a1), becomes IR
allowed in the complex (mainly a symmetric linear combination
of the two free C-H stretch local modes). Its IR intensity,
however, remains rather weak. More importantly, the degenerate
antisymmetric C-H stretch,ν4(e′), splits into two components
in the dimer,ν4(a1) andν4(b2). Theν4(a1) mode is predominantly
the bound C-H stretch and experiences thus a significant red
shift upon formation of the proton bond,∆ν4(a1) ) -59 cm-1.
On the other hand, theν4(b2) mode is mainly an antisymmetric
linear combination of the free C-H stretch modes and experi-
ences only a very small blue shift,∆ν4(b2) ) +3 cm-1.

The three equivalent H-bound global minima are not the only
minima located on the intermolecular potential of c-C3H3

+-N2.
The nonplanar C-bound structures in which the N2 ligand is
situated above the aromatic C3H3

+ ring and pointing toward
one of the C atoms (Cs) are local minima (De ) 1102 cm-1).
The planar side-bound structures in which N2 is pointing toward
the midpoint of a C-C bond of c-C3H3

+ are transition states
(C2V) connecting two equivalent H-bound global minima. Their
dissociation energy of 923 cm-1 corresponds to a 3-fold barrier
of 304 cm-1 to in-plane internal rotation of c-C3H3

+. As this
barrier is much higher than the effective internal rotor constant
(beff ≈ Cc-C3H3

+ ≈ 0.5 cm-1), this hindered internal motion is
largely quenched. Theπ-bound structure in which N2 approaches
c-C3H3

+ along itsC3 symmetry axis is a second-order transition
state (C3V, De ) 995 cm-1) with a similar energy as the C-bound
local minimum. This implies that the potential above the
aromatic ring is rather flat. The C-bound,π-bound, and side-
bound structures can easily be distinguished from the H-bound
minima by their characteristic C-H stretch frequencies (shifts,
splittings, IR intensities) and their rotational constants.

The H2CCCH+ isomer of C3H3
+ (Figure 1) is calculated to

be 31.5 kcal/mol less stable than c-C3H3
+ (including harmonic

zero-point corrections), in reasonable agreement with the
experimental value (≈25 kcal/mol).2 Similar to c-C3H3

+, the
calculated structure (Figure 1) and vibrational frequencies (Table
1) are in good agreement with available experimental and
theoretical studies. The global minimum on the intermolecular
potential of H2CCCH+-N2 corresponds to a H-bound structure,
in which the N2 ligand forms a linear ionic hydrogen bond to
the acetylenic proton of H2CCCH+ (Figure 1, C2V). The
intermolecular bond in H2CCCH+-N2 (De ) 1373 cm-1, Re )
2.0916 Å, ωs ) 120 cm-1) is slightly stronger and shorter
compared to that in c-C3H3

+-N2, as the proton affinity of H2CCC
is lower than that of c-C3H2.18 Similar to c-C3H3

+-N2, the
H2CCCH+-N2 dimer has an equilibrium structure close to a
prolate symmetric top (Ae ) 9.5832 cm-1, Be ) 0.0356 cm-1,
Ce ) 0.0355 cm-1, κe ) -0.99996). As expected, the largest
effect of N2 complexation is an elongation of the acetylenic
C-H bond (∆re ) 0.008 Å), leading to a large red shift of the
corresponding strongly IR active C-H stretch frequency
(∆ν1 ) -115 cm-1) and a significant enhancement in its IR
intensity (factor 4). In addition, the in-plane and out-of-plane
bending fundamentals of the acetylenic C-H bond experience
a large blue shift upon complexation (∆ν11 ) +119 cm-1,
∆ν7 ) +93 cm-1), due to the additional retarding forces arising
from the intermolecular bond. The other frequencies are less
affected (|∆νi| < 30 cm-1, Table 1). Experimentally, only the
H-bound H2CCCH+-N2 global minimum of the interaction
potential between N2 and H2CCCH+ is observed. Thus, proper-
ties of other local minima (e.g., the isomer in which N2 binds
to one of the protons of the CH2 group,De ) 1180 cm-1) are
not discussed in detail further.

In general, the weak intermolecular interaction has little
influence on the properties of the N2 ligand (Figure 1, Table
1). The calculations predict for bare N2 an interatomic separation
of 1.1108 Å and a harmonic frequency of 2204 cm-1. In
H-bound H2CCCH+-N2, the N-N bond becomes slightly
stronger and shorter (∆re ) -0.0007 Å), leading to a blue shift
in the N-N stretch frequency (∆νN-N ) +7 cm-1). Similar
trends are observed in H-bound c-C3H3

+-N2 (∆re ) -0.0004
Å, ∆νN-N ) +4 cm-1), although the effects are less pronounced
owing to the somewhat weaker interaction.

IV. Experimental Results and Discussion

Figure 3 shows the overview spectrum of the C3H3
+-N2 dimer

in the range between 2970 and 3370 cm-1 and an expanded
view between 3050 and 3150 cm-1. In total, eight vibrational
transitions are observed in this spectral range and they are
denoted A-H. Their rotational structures are appropriate for
either parallel (∆Ka ) 0) or perpendicular (∆Ka ) (1)
transitions of (near) symmetric prolate tops. The band centers
and their suggested assignments are summarized in Table 2.
Two Q branch series corresponding to perpendicular transitions
are clearly identified (bands C and E): the approximate spacings
of adjacent Q branches, 2(A - B) ≈ 2A (becauseB , A), are
largely different for both series (≈16.5 and≈2 cm-1, respec-
tively), indicating the presence of at least two C3H3

+-N2 isomers.
By comparison with the ab initio calculations, they can
unambiguously be assigned to the H-bound dimers of
c-C3H3

+-N2 (A ≈ 1 cm-1) and H2CCCH+-N2 (A ≈ 8.5 cm-1)
shown in Figure 1.
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A. The ν4 vibration of H-Bound c-C3H3
+-N2. According to

the calculations for c-C3H3
+-N2 (Table 1) and previous spectra

of c-C3H3
+ in salt crystals, SO2 solutions, and Ne matrices, only

the strongly IR active C-H stretch fundamentalν4 of
c-C3H3

+-N2 is expected to occur with significant intensity in
the spectral range covered in Figure 3.1,4,10 The ν4 frequency
of bare c-C3H3

+ has not been measured in the gas phase.
Measurements in a Ne matrix and in SO2 solution yield 3130.4
and 3138 cm-1, respectively.4,10 As outlined in section III,
symmetry reduction fromD3h to C2V causes theν4(e′) funda-
mental of c-C3H3

+ to split into two components in H-bound
c-C3H3

+-N2 (Table 1): a perpendicular component with a small
blue shift,ν4(b2), and a parallel component with a larger red
shift, ν4(a1). Closer inspection of the IR spectrum of C3H3

+-N2

in Figure 3 reveals two strong transitions in the corresponding
frequency range, which have the appropriate rotational structures

required forν4(a1) and ν4(b2) of H-bound c-C3H3
+-N2. The

parallel transition at 3094 cm-1 (band B) and the perpendicular
transition centered near 3129 cm-1 (band E) can safely be
assigned toν4(a1) andν4(b2) of H-bound c-C3H3

+-N2, respec-
tively. The observed splitting (35 cm-1) and intensity ratio of
ν4(b2) andν4(a1) are in qualitative agreement with the ab initio
predictions (Table 1).

Individual ∆Ka ) 0 subbands of the parallelν4(a1) band
strongly overlap, leading to the appearance of a nearly sym-
metric band contour with single unresolved P, Q, and R
branches. Theν4(a1) band center is estimated to be close to the
band gap (3093.9 cm-1) and is shifted 37 cm-1 to the red of
the Ne matrix value of c-C3H3

+ (indicated by an arrow in Figure
3). The width of the band (≈5 cm-1) is compatible with the
rotational constants determined by the ab initio calculations in
section III and a rotational temperature of≈30 K. The latter
value is consistent with the simulations of the perpendicular
transitions (discussed below) and typical for cluster ions
produced in this ion source.47,48 Closer inspection shows that
the ν4(a1) band is slightly shaded to the blue, indicating that
the rotational constants increase slightly upon vibrational
excitation. This observation is expected becauseν4(a1) corre-
sponds mainly to a stretching of the C-H bond acting as the
proton donor in the intermolecular bond. In general, excitation
of such proton donor stretches in H-bound dimers leads to an
increase of the intermolecular interaction strength, with the
consequence of a shorter intermolecular bond (i.e., larger
rotational constants) and a red shift in the proton stretch
frequency.38,48,49

In contrast toν4(a1), individual Q branches of the∆Ka ) (1
subbands of the perpendicularν4(b2) transition (band E) are
clearly discernible (Figure 3). The positions and widths of the
eleven Q branches observed are listed in Table 3 along with
their suggested assignments. Adjacent Q branches are spaced
by 2A ≈ 2 cm-1, consistent with the calculatedA rotational
constant of H-bound c-C3H3

+-N2 (Ae ) 1.0326 cm-1). More-
over, alternating Q branches display the distinct intensity
alternation expected for two equivalent protons: the nuclear
spin statistical weights are 1 (para) and 3 (ortho) for rotational
levels with even and oddKa values (having A and B rotational
symmetry inC2V).50 On the basis of theKa assignments given
in Table 3 and Figure 3, the Q branch positions are least-squares
fitted to a standard Hamiltonian appropriate for a rigid near
symmetric prolate top:51

(47) Roth, D.; Dopfer, O.; Maier, J. P.Phys. Chem. Chem. Phys.2001, 3, 2400.
(48) Dopfer, O.; Roth, D.; Maier, J. P.J. Phys. Chem. A2000, 104, 11702.
(49) Olkhov, R. V.; Dopfer, O.Chem. Phys. Lett.1999, 314, 215.
(50) Herzberg, G.Molecular Spectra and Molecular Structure. II. Infrared and

Raman Spectra of Polyatomic Molecules; Krieger Publishing Company:
Malabar, FL, 1991.

Figure 3. Overview of the IR photodissociation spectrum of C3H3
+-N2

ionic complexes recorded between 2970 and 3370 cm-1. An expanded view
of the range between 3050 and 3150 is shown as well. The observed
transitions are labeled A-H and their positions and assignments are listed
in Table 2. The arrows below the wavenumber axis indicate the positions
of the gas-phaseν1 frequency of H2CCCH+ (ref 9) and theν4 frequency of
c-C3H3

+ measured in a Ne matrix (ref 10). TheKa assignments of the two
perpendicular transitions C and E are indicated (Tables 3 and 4). A
simulation of transition E with the molecular parameters described in the
text (Esim) is included for a comparison with the experimental transition.

Table 2. Positions (in cm-1), Widths (fwhm, in parentheses), and
Suggested Assignments of the Observed Transitions in the IR
Spectrum of C3H3

+-N2 (Figure 3)

transition position type isomer assignment

A 3001 (6) || H2CCCH+-N2 2ν4

B 3093.9 (5.4) || c-C3H3
+-N2 ν4(a1)

C 3104.91a ⊥ H2CCCH+-N2 ν3 + ν7/10

D 3113 (10) || H2CCCH+-N2 ν2

E 3128.75a ⊥ c-C3H3
+-N2 ν4(b2)

F 3139 (4) || H2CCCH+-N2 ν1

G 3190.5 (6) || H2CCCH+-N2 ν3 + ν5?
H 3243 (13) || H2CCCH+-N2 ν3 + ν5?

a For the perpendicular transitions C and E the fitted band originν0 is
listed.

Table 3. Positions (in cm-1), Widths (fwhm, in parentheses), and
Assignments of the Q Branches of the ν4(b2) Transition of
H-Bound c-C3H3

+-N2 (band E)

positiona Ka′ r Ka′′ positiona Ka′ r Ka′′

3119.78 (0.06) 4r 5 3129.73 (0.19) 1r 0
3121.76 (0.10) 3r 4 3131.69 (0.13) 2r 1
3123.78 (0.07) 2r 3 3135.62 (0.17) 4r 3
3125.79 (0.16) 1r 2 3137.62 (0.07) 5r 4
3127.77 (0.06) 0r 1 3139.56 (0.09) 6r 5

3143.40 (0.09) 8r 7

a Absolute accuracy of calibration is 0.02 cm-1.
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Using the approximationBh′ ≈ Bh′′ ≈ Bhe ) (Be + Ce)/2 and taking
the ab initio valueBhe ) 0.04456 cm-1, the following molecular
constants are obtained:ν0 ) 3128.747(9) cm-1, A′′ ) 1.0365(12)
cm-1, andA′ ) 1.0332(9) cm-1. As expected, theA rotational
constant decreases slightly uponν4(b2) excitation, due to an
effective lengthening of the free C-H bonds (this normal mode
corresponds mainly to the antisymmetric linear combination of
the two free C-H stretch local modes). The standard deviation
of the fit (σ ) 0.02 cm-1) is consistent with the typical width
of the unresolved Q branches (0.06-0.19 cm-1). A simulation
of ν4(b2) using the derived molecular constants, a rotational
temperature of 30 K, and a convolution width of 0.08 cm-1 is
included in Figure 3 (Esim) and shows good agreement with the
experimental spectrum (band E). The assignment of theKa

quantum numbers in Table 3 and Figure 3 is based on the
relative Q branch intensities averaged over more than 10
individual scans. Although the given assignment is strongly
favored, it cannot be completely ruled out that it may be shifted
by two Q branches to lower energy. The main effect of such a
reassignment would be a red shift in the band origin ofν4(b2)
by ca.-4 cm-1. The calculations suggest that the complexation-
induced frequency shift is less than+4 cm-1. Thus, using the
favored assignment forν4(b2), the gas-phase value of theν4

fundamental of bare c-C3H3
+ can be estimated as 3127( 2

cm-1. For the alternative assignment, the estimate would be
3123( 2 cm-1. Both values are compatible with the Ne matrix
value of 3130.4( 1 cm-1.10 For comparison, the best values
derived from ab initio anharmonic force fields are 3178 and
3149 cm-1.27,28

The rovibrational analysis (nuclear spin statistical weights,
magnitude and direction of vibrational band shifts and splittings,
IR intensities, and rotational constants) clearly show that the
H-bound global minimum of c-C3H3

+-N2 is the only
c-C3H3

+-N2 isomer detected in the spectrum in Figure 3. This
observation is in agreement with the calculations described in
section III, which predict that the side-bound andπ-bound
isomers of c-C3H3

+-N2 are not minima on the intermolecular
potential but transition states. The population of the C-bound
local minima is below the detection limit, probably because of
the low isomerization barrier toward the H-bound global
minima. In addition, vibrational band shifts and splittings as
well as photofragmentation branching ratios measured in the
spectra of larger C3H3

+-(N2)n clusters (n ) 2-6) confirm the
assignments of bands B and E toν4(a1) and ν4(b2) of
c-C3H3

+-N2.52 Moreover, these spectra show that all other bands
observed in Figure 3 are not arising from c-C3H3

+-N2, but from
other C3H3

+-N2 complexes.52

B. The ν1 Vibration of H-Bound H 2CCCH+-N2. The
rovibrational analysis of band C in the spectrum of C3H3

+-N2

(Figure 3) discussed in section IV.C gives unambiguous proof
of the presence of H2CCCH+ and its H-bound H2CCCH+-N2

dimer (Figure 1) in the expansion. According to the ab initio
data (Table 1),ν1 is by far the strongest IR active fundamental
of this dimer in the spectral range investigated. It corresponds
to the stretching mode of the acetylenic C-H bond adjacent to

the intermolecular proton bond. For free H2CCCH+, the gas-
phase frequency of this mode has been derived from the zero-
kinetic-energy (ZEKE) photoelectron spectrum of H2CCCH as
ν1 ) 3319 cm-1 (indicated by an arrow in Figure 3). As no
intense absorption is observed in the IR spectrum of C3H3

+-N2

within 80 cm-1 of this value, theν1 fundamental of any
H2CCCH+-N2 isomer present in the expansion has to feature a
substantial complexation shift,∆ν1. This can only occur when
the N2 ligand binds to the terminal, acetylenic C-H group of
H2CCCH+. Consequently, the H-bound H2CCCH+-N2 dimer
shown in Figure 1 is the only H2CCCH+-N2 isomer present in
the expansion. This observation is consistent with the ab initio
data, which predict that this structure is the global minimum of
this dimer. According to the calculations (Table 1), theν1

vibration of H-bound H2CCCH+-N2 features a large red shift
(-115 cm-1) and a strong enhancement in its IR intensity (factor
4). Band F centered at 3139 cm-1 in the spectrum of C3H3

+-N2

(Figure 3) is the strongest transition observed in the correspond-
ing frequency range and thus assigned toν1 of H-bound
H2CCCH+-N2. The observed red shift upon complexation (-180
cm-1 or 5.42%) is somewhat larger than the predicted
value (-115 cm-1 or 3.37%), implying that the
MP2(full)/6-311G(2df,2pd) level underestimates the interaction
strength and the frequency shift. The band contour is appropriate
for a parallel transition of a near-symmetric prolate top with
overlapping∆Ka ) 0 subbands. Moreover, the band is strongly
blue shaded, which is a typical signature of the excitation of a
proton donor stretch in H-bound dimers (as outlined earlier for
ν4(a1) of c-C3H3

+-N2). Spectra of larger C3H3
+-(N2)n clusters

(n ) 2-6) display significant monotonic incremental blue shifts
of this transition as the cluster size increases.52 A similar
behavior has previously been observed for SiOH+-(N2)n com-
plexes53 and is typical for solvation of a H-bound AH+-L dimer
with further ligands L around the linear AH+-L proton
bond.43,53-55 It strongly supports the assignment of band F to
ν1 of H-bound H2CCCH+-N2. All spectral observations dis-
cussed for band F rule out that bands G or H can be assigned
to this vibration.52

C. Other Vibrations of H-Bound H 2CCCH+-N2. In contrast
to the bands B, E, and F, the vibrational assignments of the
other transitions are less certain. As argued in section IV.A,
they are almost certainly not due to a c-C3H3

+-N2 dimer.56

Moreover, they cannot originate from any non-H-bound
H2CCCH+-N2 dimer (section IV.B). Thus, they have probably
all to be attributed to the H-bound H2CCCH+-N2 dimer and
this scenario is assumed for the following discussion.

Band C has the rotational structure appropriate for a
perpendicular transition of a near symmetric prolate top (Figure
3). Six unresolved Q branches are observed and their averaged
spacing of 2A ≈ 16.5 cm-1 corresponds to anA rotational
constant of≈8.3 cm-1. This transition can therefore unambigu-
ously be attributed to the H-bound H2CCCH+-N2 dimer, having
only two H atoms displaced from thea-axis. The calculatedA
constant of the equilibrium structure (Figure 1),Ae ) 9.5832
cm-1, is somewhat larger than the observed value, probably
because of the large zero-point effects of the light H atoms on

(51) Herzberg, G.Molecular Spectra and Molecular Structure. III. Electronic
Spectra and Electronic Structure of Polyatomic Molecules; Krieger
Publishing Company: Malabar, FL, 1991.

(52) Roth, D. Ph.D. Thesis, University of Basel 2001.

(53) Olkhov, R. V. Ph.D. Thesis, University of Basel, 1999.
(54) Olkhov, R. V.; Nizkorodov, S. A.; Dopfer, O.Chem. Phys.1998, 239,

393.
(55) Dopfer, O.; Olkhov, R. V.; Maier, J. P.J. Phys. Chem. A1999, 103, 2982.
(56) Roth, D.; Dopfer, O. Unpublished results, 2000.

Ĥ ) ν0 + BhJ(J + 1) + (A - Bh)Ka
2 (1)
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theA constant even in the ground vibrational state. The positions
and widths of the observed Q branches are listed in Table 4
along with their assignments. Alternating Q branches display
the proper intensity alternation expected from the nuclear spin
statistical weights of 1 and 3 for rotational levels with even
and oddKa values (i.e., levels of A and B rotational symmetry
in C2V).50 A least-squares fit of four Q branch positions to
Hamiltonian (1) using the ab initio valueBhe ) 0.035566 cm-1

leads toν0 ) 3104.91(7) cm-1, A′′ ) 8.499(9) cm-1, andA′ )
8.073(9) cm-1 (theKa ) 1 r 0 and 0r 1 Q branches are not
included in the fit due to calibration difficulties and a local
perturbation). The standard deviation of the fit (σ ) 0.03 cm-1)
is compatible with the typical width of the Q branches (0.06-
0.13 cm-1). Simulations of the Q branch intensities are
consistent with a rotational temperature of≈40 K.

Assuming that band C originates from the vibrational ground
state of H-bound H2CCCH+-N2, the assignment of the upper
level has to satisfy following conditions: (i) the observation of
a perpendicular transition requires that the vibrational symmetry
species of the upper level is either b1 or b2; (ii) the A rotational
constant must decrease significantly upon vibrational excitation
(the observed decrease is 5%); (iii) its IR intensity must be
sufficiently large to be observed in the spectrum in Figure 3;
and (iv) the frequency has to match 3105 cm-1. After inspection
of Table 1, the first obvious candidate to be considered is the
antisymmetric C-H stretch fundamental of the CH2 group,
ν9(b2), which fulfills criteria i-iii. However, the calculations
predict its frequency to be≈100 cm-1 higher than the
corresponding symmetric C-H stretch,ν2(a1). As both of them
are not sensitive to N2 complexation, the experimental value
for ν9(b2) of H2CCCH+-N2 can be estimated as≈3230 cm-1

from the measuredν2(a1) frequency of bare H2CCCH+ (3130
cm-1)9 and is thus too high to be responsible for band C at
3105 cm-1. As no other fundamental with b1 or b2 symmetry is
in the 3000 cm-1 range, combination bands are considered. The
ν3(a1) mode of H2CCCH+ corresponds to the acetylenic C-C
stretch with a frequency of≈2100 cm-1.9,10 This mode has by
far the largest IR oscillator strength10,31and complexation with
N2 enhances its intensity by 50% (Table 1). Thus, combination
bands ofν3(a1) with other vibrations having a frequency of
≈1000 cm-1 may be expected in the 3100 cm-1 range.
According to this scenario, the most probable candidates for
band C are the combination bandsν3 + ν7(b1) andν3 + ν10(b2).
The ν7(b1) mode is the out-of-plane bending vibration of the
acetylenic C-H bond: its frequency has been estimated for free
H2CCCH+ as 910 cm-1 and the calculations predict a blue shift
of ≈90 cm-1 upon complexation with N2 (Table 1). Theν10(b2)
mode (CH2 in-plane bending mode) with a calculated frequency
of 1050 cm-1 is the only other vibration with b symmetry in

the 1000 cm-1 range. Hence, at the present stage, an assignment
of band C to eitherν3 + ν7(b1) or ν3 + ν10(b2) is favored (Table
2).

The four remaining bands (A, D, G, H) are parallel transitions,
that is the symmetry species of the upper level has to be a1

(under the assumption that they originate from the ground state
of H-bound H2CCCH+-N2). A reasonable assignment for the
weak transition A at 3001 cm-1 is to the overtone of the
symmetric in-plane CH2 bending vibration, 2ν4(a1). Its funda-
mental frequency has been measured as 1465 cm-1 for bare
H2CCCH+.9 As theν4 mode does not shift upon N2 complex-
ation, the assignment of band A to 2ν4(a1) implies a significant
positive anharmonicity (2ν4 - ν4 - ν4 ) 3001- 2 × 1465)
71 cm-1). The weak band D at 3113 cm-1 is attributed to the
symmetric C-H stretching vibration of the CH2 group,ν2(a1).
The monomer transition is reported as≈3130 cm-1 (with an
uncertainty of(10 cm-1)9 and the predicted complexation shift
is small (Table 1). One out of the two bands G (3190.5 cm-1)
and H (3243 cm-1) is attributed toν3 + ν5(a1), a combination
tone of the two C-C stretch modes of H2CCCH+. As mentioned
before, owing to the large IR oscillator strength ofν3, combina-
tion bands ofν3 with other modes are expected in the IR
spectrum. On the basis of the ZEKE spectrum, the frequency
of ν3 + ν5 is estimated as 2122+ 1106) 3228 cm-1 in free
H2CCCH+ (neglecting cross anharmonicities).9 Taking the
calculated N2 complexation shift into account (-15 cm-1, Table
1), ν3 + ν5 of H-bound H2CCCH+-N2 is expected near 3213
cm-1, in agreement with the observed frequencies of both band
G (3190.5 cm-1) and band H (3243 cm-1). Other options for
these two bands are not obvious and may involve higher order
combination bands. Spectra of larger C3H3

+-(N2)n complexes
as well as other C3H3

+-L dimers (L ) Ne, Ar, O2, CO2) show
that the positions of both bands are relatively insensitive to the
type of ligand and the degree of solvation.52 Moreover, the two
bands are also very weakly observed in some Ne matrix spectra
when ions with the mass of C3H3

+ are deposited.57 Thus, they
cannot be attributed to combination bands of the intenseν1

fundamental of H2CCCH+-N2 with a low-frequency intermo-
lecular mode (νs or νb), because such transitions would be very
sensitive to solvation. Strongν1 + νs/b combination bands are
often observed in the IR spectra of H-bound dimers.48,54,55,58

Possibly, one of the two bands G and H is due to a C-H
stretching vibration of a C3H3

+-N2 dimer involving the less
stable H2CCHC+ or H3CCC+ core ions. Another possibility is
that dimers of the type [C2NH]+-N2 may contribute to the
C3H3

+-N2 spectra, as [C2NH]+ ions have the same mass as
C3H3

+. Isomeric [C2NH]+ ions may be produced in the
ion source via ion-molecule reaction chemistry of the
H2CCCH2/N2/Ar mixture, owing to the large N2 concentration.
However, this scenario is unlikely because the two bands G
and H occur also with similar relative intensities in the IR spectra
of C3H3

+-L dimers with L* N2 and in the Ne matrix spectrum
of C3H3

+, where N2 could occur only as impurity in the ion
source.

In addition to bands A-H discussed so far, two further
transitions are observed in the IR spectrum of C3H3

+-N2. A
single Q branch at 3126.91 cm-1 (width 0.06 cm-1) in the
vicinity of band E (indicated by an asterisk in Figure 3) cannot

(57) Wyss, M. Ph.D. Thesis, University of Basel, 2001.
(58) Dopfer, O.; Olkhov, R. V.; Roth, D.; Maier, J. P.Chem. Phys. Lett.1998,

296, 585.

Table 4. Positions (in cm-1), Widths (fwhm, in parentheses), and
Assignments of the Q Branches of Band C (assigned to ν3 + ν7/10)
of H-Bound H2CCCH+-N2

positiona Ka′ r Ka′′

3060.86 (0.13) 2r 3
3079.12 (0.07) 1r 2
3195.9b (0.13) 0r 1
3112.48 (0.07) 1r 0
3128.56 (0.06) 2r 1
3143.40 (0.09) 3r 2

a Absolute accuracy of calibration is 0.02 cm-1. b Uncertainty in position
is 0.5 cm-1 due to calibration problems.
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be assigned to any of the perpendicular transitions described
above. Depending on the assignment of band C to either
ν3 + ν7 or ν3 + ν10 of H-bound H2CCCH+-N2, this Q branch
may be attributed to the other alternative. The second band
occurs near 6174 cm-1 and is a parallel transition (width 6
cm-1). It is only observed in scans where, in addition to the
idler output of the OPO (2500-4500 cm-1), radiation of the
signal output (4900-6800 cm-1) could interact with the
C3H3

+-N2 ion beam. It is probably arising from a C-H
stretching overtone of either H2CCCH+-N2 or c-C3H3

+-N2.
Clearly, a definitive assignment of the bands other than B, E,
and F requires further spectroscopic studies (in particular using
isotopic substitution) and/or higher level theoretical data.

D. Structure and Abundance of c-C3H3
+ and H2CCCH+.

In this section, some conclusions about the properties of
H2CCCH+ and c-C3H3

+ are derived from the rovibrational
spectra of their N2 dimers. As both H2CCCH+ and c-C3H3

+

have not been characterized by spectroscopy at the level of
rotational resolution, the dimer spectra in Figure 3 provide the
first experimental structural information for these important
hydrocarbon cations in the gas phase. TheA rotational constants
and nuclear spin statistical weights derived from the rovibra-
tional analysis of the bands assigned to H2CCCH+-N2 and
c-C3H3

+-N2 unambiguously show that both complexes haveC2V

symmetry (Figure 1) with two equivalent H atoms and linear
intermolecular-C-H‚‚‚N-N bonds. The large observedA
constant of H2CCCH+-N2 (A′′ ≈ 8.5 cm-1) implies that only
the two H atoms of the CH2 group are displaced from thea-axis
of the complex. This observation provides the first experimental
proof for the planarC2V structure of the H2CCCH+ monomer
with a linear C-C-C-H backbone (Figure 1). The only
previous and tentative spectroscopic evidence for such a
H2CCCH+ structure comes from the vibrational analysis of the
low-resolution ZEKE spectrum of H2CCCH.9 Previous high-
level ab initio calculations also predict aC2V geometry for
H2CCCH+ (in excellent agreement with the geometry in Figure
1).30 The calculations show that N2 complexation has practically
no influence on theA rotational constant:Ae ) 9.5832 and
9.5797 cm-1 for H2CCCH+-N2 and H2CCCH+ (i.e., ∆Ae )
0.0035 cm-1 or 0.04%). Hence, the ground-state value derived
for H2CCCH+-N2 (A′′ ) 8.499 cm-1) should be very close to
the one for free H2CCCH+. Similarly, the spectrum of
c-C3H3

+-N2 strongly supports the planarD3h symmetric structure
of free c-C3H3

+ predicted by ab initio calculations and the
analysis of low-resolution IR and Raman spectra of c-C3H3

+X-

in the condensed phase.4 The calculations yieldAe ) 1.0326
and 1.0306 cm-1 for c-C3H3

+-N2 and c-C3H3
+ (∆Ae ) 0.002

cm-1 or 0.2%), so that the ground-state value of c-C3H3
+-N2,

A′′ ) 1.0365 cm-1, provides a good estimate for the corre-
sponding c-C3H3

+ value.

The relative band intensities observed in the IR spectra of
H2CCCH+-N2 and c-C3H3

+-N2 can be used to roughly estimate
the relative abundance of H2CCCH+ and c-C3H3

+ in the
allene/N2/Ar plasma expansion using the following information
and approximations. The observed intensity ratio ofν4(a1) of
c-C3H3

+-N2 andν1 of H2CCCH+-N2 is ≈2 (Figure 3). The ratio
of the theoretical IR oscillator strengths of both bands is nearly
unity (0.75, Table 1). The probability of forming N2 complexes
is assumed to be roughly the same for both C3H3

+ monomers
due to their similar theoretical association energies. On the basis

of this crude model, the number density of c-C3H3
+ is estimated

to be about twice that of H2CCCH+. As mentioned in section
II, the IR spectra are nearly independent of using allene,
propyne, 3-chloro-1-propyne, or benzene as precursor. Previous
reactivity studies have shown that electron impact ionization
of propyne forms a mixture of the two C3H3

+ isomers in the
ratio of ≈60% c-C3H3

+ and ≈40% H2CCCH+,6 in excellent
agreement with the present experiments with allene.

E. Comparison to Other AH+-N2 Complexes.The attractive
long-range part of the intermolecular interaction in weakly
bound AH+-N2 dimers is dominated by the electrostatic and
inductive interactions between the positive charge distribution
in AH+ and the negative quadrupole moment and the anisotropic
polarizability of N2. The anisotropy of the charge-quadrupole
and charge-induced dipole interactions favors for a positive point
charge, a negative quadrupole moment, and a rodlike molecule
with R|| > R⊥ a linear configuration over a T-shaped one.38,59

Indeed, IR spectroscopy and quantum chemical calculations have
revealed (nearly) linear intermolecular A-H+‚‚‚N-N proton
bonds for a variety of AH+-N2 dimers (e.g., A) SiO,49 N2,60

C6H5O34). The situation is similar for the H-bound
H2CCCH+-N2 and c-C3H3

+-N2 dimers characterized in the
present work.

To elucidate the nature of the intermolecular interaction in
both C3H3

+-N2 dimers in more detail, charge distributions are
calculated by using the atoms-in-molecules (AIM) analysis.45

In c-C3H3
+ almost the whole positive charge is localized on

the three protons (qH ) 0.27 e,qC ) 0.06 e) leading to the
H-bound global minima of c-C3H3

+-N2 with a dissociation
energy ofDe ) 1227 cm-1. In H2CCCH+ the partial charge on
the acetylenic proton (qH ) 0.32 e) is significantly larger than
that on the CH2 protons (qH ) 0.22 e). Hence, in
H2CCCH+-N2 the N2 ligand prefers binding to the acetylenic
C-H proton (De ) 1373 cm-1) over the CH2 protons (De )
1180 cm-1). The binding in H-bound c-C3H3

+-N2 is slightly
weaker than that in H-bound H2CCCH+-N2, consistent with the
smaller positive charge on the proton involved in the intermo-
lecular bond. For both dimers, charge transfer from N2 to the
C3H3

+ ion is calculated to be less than 0.02 e at the equilibrium
geometry, implying that the contributions of charge transfer and
covalent bonding to the interaction are negligible.

Comparison between c-C3H3
+-N2 and C6H6

+-N2 reveals the
changes in the topology of the intermolecular interaction
potential between aromatic hydrocarbon cations and inert ligands
(such as N2) as the size of the aromatic core ion increases. In
c-C3H3

+, a large positive partial charge localized on each single
proton causes strong electrostatic and inductive attractions in
the H-bound configurations. On the other hand, dispersive forces
between the twoπ electrons of the aromatic c-C3H3

+ ring and
N2 are small. Hence, the H-bound geometry of c-C3H3

+-N2 is
more stable than theπ-bound structure. In the larger C6H6

+ ion,
the positive charge on each of the six protons is much smaller
compared to c-C3H3

+, whereas the sixπ electrons give rise to
larger dispersion forces. Indeed, IR spectra of C6H6

+-N2 are
consistent with aπ-bound equilibrium structure,33 which is
apparently more stable than the H-bound configuration. Hence,
a general rule of thumb for the interaction between aromatic

(59) Olkhov, R. V.; Nizkorodov, S. A.; Dopfer, O.J. Chem. Phys.1997, 107,
8229.

(60) Verdes, D.; Linnartz, H.; Maier, J. P.; Botschwina, P.; Oswald, R.; Rosmus,
P.; Knowles, P. J.J. Chem. Phys.1999, 111, 8400.
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hydrocarbon cations and inert neutral ligands may be derived
from the comparison between c-C3H3

+-N2 and C6H6
+-N2: the

larger the aromatic ion, the larger the number of polarizableπ
electrons leading to stronger dispersion forces, and the more
delocalized the positive charge leading to weaker electrostatic
and induction forces. Thus,π-bound structures gain in stability
compared to H-bound structures as the size of the aromatic ion
increases.

Experimental and theoretical studies established that the
strength of the intermolecular interaction in H-bound AH+-B
dimers is related to the difference in the proton affinities (PA)
of the bases A and B.38,49,61Considering AH+-N2 dimers with
PA(A) . PA(N2) ) 494 kJ/mol,62 the interaction is stronger
for bases with lower PA(A). Complexation with N2 causes a
flattening of the potential for the A-H stretch motion (νA-H )
ν1), leading to a red shift in its frequency.38 The magnitude of
the red shift is correlated to the interaction strength and thus to
PA(A).38,49 For example, the PA of H2CCC is similar to the
PA of C6H5O (905 vs 873 kJ/mol),18,63 leading to comparable
binding energies and red shifts of theν1 vibrations in H-bound
H2CCCH+-N2 (5.4%) and C6H5OH+-N2 (4.8%), respectively.
In contrast, the SiOH+-N2 dimer features a much largerν1 red
shift (14.1%),49 due to the stronger intermolecular bond arising
from the much lower PA of SiO (778 kJ/mol).62 The intermo-
lecular c-C3H3

+-N2 bond is calculated to be weaker than the

H2CCCH+-N2 interaction (De ) 1227 vs 1373 cm-1), consistent
with the higher PA of c-C3H2 compared to H2CCC (934 vs 905
kJ/mol).18

V. Concluding Remarks

Isomeric C3H3
+-N2 dimers have been characterized for the

first time by spectroscopic and quantum chemical methods. The
rovibrational analysis of the IR spectra of C3H3

+-N2 dimers
reveals the presence of two isomers withC2V symmetry, namely
the H-bound H2CCCH+-N2 and c-C3H3

+-N2 dimers. Both
dimers are global minima on their intermolecular potential
energy surfaces and important properties of the intermolecular
interaction in these clusters are determined. Perhaps even more
significantly, the dimer spectra provide for the first time high-
resolution spectroscopic and structural information for the
c-C3H3

+ and H2CCCH+ monomer ions in the gas phase. The
H2CCCH+ ion is shown to have a planarC2V symmetric structure
with a linear C-C-C-H+ backbone and anA rotational
constant ofA′′ ≈ 8.500 cm-1. The planar c-C3H3

+ ion has almost
certainly a structure withD3h symmetry with anA rotational
constant ofA′′ ≈ 1.035 cm-1. The frequency of the strongly
IR activeν4(e′) mode of c-C3H3

+ is estimated as 3125( 4 cm-1.
These results may be useful for the spectroscopic identification
of these fundamental hydrocarbon cations in combustion
processes or interstellar media.
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