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Interaction of C3H3
+ isomers with molecular nitrogen:
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Abstract

The intermolecular interaction and microsolvation process of isomeric C3H3
+ ions in molecular nitrogen are characterized

by infrared (IR) photodissociation spectroscopy of C3H3
+–(N2)n complexes (n = 1–6) and quantum chemical calculations

(n = 0–4). The rovibrational analysis of the C3H3
+–N2 spectrum unambiguously reveals the presence of (at least) two C3H3

+
isomers in the ion source, namely the propargyl (H2CCCH+) and the cyclopropenyl (c-C3H3

+) cations. Analysis of the cluster
size-dependent vibrational frequency shifts and splittings, the photofragmentation branching ratios, and the results of density
functional calculations provides a consistent picture of the microsolvation of c-C3H3

+ and H2CCCH+ in inert nitrogen. In
the most stable c-C3H3

+–(N2)n complexes, the first three N2 ligands form (nearly) linear and equivalent proton bonds to the
three protons of c-C3H3

+, leading to highly symmetric planar structures with C2v (n = 1, 2) and D3h symmetry (n = 3).
After completion of this first solvation subshell atn = 3, further N2 ligands form weaker intermolecular bonds to the C
atoms of the nearly planar c-C3H3

+–(N2)3 ion core. The dissociation energies of the H-bonds and C-bonds in c-C3H3
+–(N2)n

are estimated asD0(H) = 900± 130 cm−1 andD0(C) = 860± 170 cm−1, respectively. In the most stable H2CCCH+–N2

complex, the N2 ligand forms a linear ionic H-bond to the acetylenic C–H group of H2CCCH+, leading to a planar structure
with C2v symmetry. The calculations suggest that the next two ligands bind to the protons of the CH2 group giving rise to
planar structures with Cs (n = 2) and C2v symmetry (n = 3), and these structures are compatible with the observed IR spectra.
(Int J Mass Spectrom 218 (2002) 281–297)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The C3H3
+ ion plays a central role for many im-

portant phenomena in physical organic chemistry.
Two isomers of this fundamental hydrocarbon cation
have previously been identified by mass spectro-
metric [1–5] and spectroscopic techniques[6–11],
namely the cyclic cyclopropenyl cation (c-C3H3

+,

∗ Corresponding author. E-mail: otto.dopfer@unibas.ch

Fig. 1a, D3h) and the open-chain propargyl cation
(H2CCCH+, Fig. 2a, C2v). c-C3H3

+ is the smallest
aromatic cation and found to be≈25 kcal/mol more
stable than H2CCCH+ [1], in agreement with quan-
tum chemical calculations[11–16]. The latter predict
high barriers to interconversion between these two
isomers. Other C3H3

+ isomers, such as H3CCC+

and H2CCHC+, are calculated to be significantly less
stable than both c-C3H3

+ and H2CCCH+ [13–16]
and have so far escaped experimental identification.
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Fig. 1. Structures of c-C3H3
+–(N2)n complexes calculated at the B3LYP/6-31G∗ level: (a)n = 0 (D3h); (b) n = 1 (C2v, global minimum,

H-bound structure); (c)n = 1 (Cs, local minimum, C-bound structure); (d)n = 2 (C2v); (e) n = 3 (D3h). SeeTable 1 for additional
structural, energetic, and vibrational data.

Both c-C3H3
+ and H2CCCH+ are believed to be

central ions in the ion–molecule reaction chemistry of
terrestrial and extraterrestrial hydrocarbon plasmas,
including interstellar chemistry[17–23], chemistry
of planetary atmospheres[24], and soot formation in
combustion processes[25–29]. In addition, C3H3

+ is
a common fragment ion observed in the mass spectra
of many hydrocarbon molecules[30].

Despite their importance, little spectroscopic infor-
mation is available for all C3H3

+ isomers. For ex-
ample, no gas-phase spectrum of c-C3H3

+ has been
recorded so far. Nonetheless, approximate vibrational
frequencies for nearly all fundamentals of this ion
have been derived from infrared (IR) and Raman spec-
tra of polycrystalline c-C3H3

+X− salts and their SO2
solutions[6,7] and an IR spectrum of c-C3H3

+ de-
posited in a Ne matrix[10]. Gas-phase fundamental
frequencies for�1–�7 of H2CCCH+ have been mea-
sured by photoelectron spectroscopy of the propargyl

radical[8,9]. In addition, quantum chemical informa-
tion of the structure and vibration–rotation parame-
ters are available for both c-C3H3

+ [11–16,31–33]and
H2CCCH+ [11–16,34–36].

In the present work the intermolecular interac-
tion and microsolvation process of isomeric C3H3

+

ions in molecular nitrogen are characterized by
IR photodissociation spectroscopy of mass-selected
C3H3

+–(N2)n complexes (n = 1–6) and quantum
chemical calculations (n = 0–4). Previous mass
spectrometric studies identified several weakly-bound
C3H3

+–L adducts of C3H3
+ with stable ligands L

and some of them correspond to stabilized intermedi-
ates of ion–molecule reactions between C3H3

+ and
L [3–5,37]. The different reactivity of c-C3H3

+ and
H2CCCH+ toward neutral molecules is often used
to distinguish between both isomers in mass spec-
trometric studies, and H2CCCH+ is usually more
reactive than the more stable c-C3H3

+ isomer[2–5].
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Fig. 2. Structures of H2CCCH+–(N2)n complexes calculated at the B3LYP/6-31G∗ level: (a)n = 0 (C2v); (b) n = 1 (C2v, global minimum);
(c) n = 1 (Cs, local minimum); (d)n = 2 (Cs); (e) n = 3 (C2v). SeeTable 2for additional structural, energetic, and vibrational data.

The characterization of C3H3
+–L interaction po-

tentials is desired to improve the understanding of
the ion–molecule reaction chemistry of the different
C3H3

+ isomers. Selected ion flow tube studies demon-
strated that c-C3H3

+ and H2CCCH+ do not react
with N2 and no complexes between both constituents
have been observed at room temperature[3,4,24]. In
the present work weakly-bound C3H3

+–(N2)n com-
plexes are produced in a low temperature supersonic
expansion (T < 50 K).

In a previous article the IR photodissociation spec-
trum of the C3H3

+–N2 dimer in the spectral range
of the C–H stretching vibrations has been presented
and its interpretation has been guided by ab initio
calculations at the MP2(full)/6-311G(2df,2pd) level
[11]. The rovibrational analysis of this spectrum re-
vealed for the first time fundamental spectroscopic
properties of the two most stable C3H3

+ isomers and
their N2 dimers. The salient results relevant for the
present work can be summarized as follows. Electron
impact ionization of allene (H2CCCH2) strongly di-
luted in a 1:1 mixture of Ar and N2 produces high

concentrations of the c-C3H3
+ and H2CCCH+ iso-

mers of C3H3
+ (ratio ≈ 2:1). The observation of the

c-C3H3
+–N2 spectrum is the first spectroscopic iden-

tification of the fundamental c-C3H3
+ ion in the gas

phase. According to the calculations, the most stable
c-C3H3

+–N2 dimer has a planar H-bound geometry,
with the N2 molecule forming a linear H-bond to one
of the three equivalent protons of c-C3H3

+ (Fig. 1b,
C2v). This is the only c-C3H3

+–N2 isomer identified
experimentally and the rotational analysis of its IR
spectrum provides strong evidence that the c-C3H3

+

ion is indeed a planar ion with D3h symmetry, in
agreement with the calculations. The most stable
H2CCCH+–N2 dimer is predicted to have a planar
H-bound structure in which the N2 ligand forms a
linear H-bond to the acetylenic proton (Fig. 2b, C2v).
Again, this is the only H2CCCH+–N2 isomer iden-
tified experimentally, and the rotational analysis of
its IR spectrum provides the first spectroscopic evi-
dence that H2CCCH+ is indeed a planar ion with a
linear CCCH backbone (C2v), consistent with the ab
initio predictions. The structures and relative binding
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energies of the various C3H3
+–N2 dimers can be

rationalized by the analysis of the electrostatic and
induction forces which dominate the attractive part of
the potential in these weakly-bound ion–ligand com-
plexes. The anisotropy of the charge-quadrupole and
charge-induced dipole interaction favors for AH+–N2

dimers the linear over the T-shaped orientation,
leading to linear –C–H· · · N–N bonds. The present
study of larger C3H3

+–(N2)n complexes (n = 2–6)
confirms the interpretation of the C3H3

+–N2 dimer
spectrum and provides further insight into the clus-
ter growth, such as cluster geometries, dissociation
energies, and structures of solvation (sub)shells.

2. Experimental

IR photodissociation spectra of mass-selected
C3H3

+–(N2)n complexes are recorded in a tandem
mass spectrometer described previously[38]. The
complexes are generated in a pulsed cluster ion source
combining a skimmed supersonic expansion with
electron impact ionization. The expanded gas mixture
contains allene (H2CCCH2), Ar, and N2 in the ratio
1:100:100 at a stagnation pressure of 5 bar. Electron
impact ionization close to the nozzle orifice is fol-
lowed by ion–molecule reactions to generate various
C3H3

+ isomers. Subsequent three-body association
reactions in the high pressure regime of the expansion
generate cold C3H3

+–(N2)n complexes. A typical
mass spectrum of the ion source under these experi-
mental conditions is discussed in[11]. The analysis
of the IR spectrum of C3H3

+–N2 reveals high abun-
dance of the H2CCCH+ and c-C3H3

+ isomers of
C3H3

+ [11]. Efforts to substantially suppress the pro-
duction of one of these isomers by using various other
precursors (such as propyne, 3-chloro-1-propyne, and
benzene) failed[11].

The generated cluster ions are extracted through a
skimmer into a quadrupole mass spectrometer tuned to
the mass of C3H3

+–(N2)n. The mass-selected parent
ion beam is injected into an octopole ion guide where
it is overlapped in space and time with a counter prop-
agating IR laser pulse. Absorption of IR photons in the

3�m range (2900–3400 cm−1) leads to the resonant
excitation of vibrational levels lying above the lowest
dissociation threshold and subsequent ligand evapora-
tion according to the following photoreaction scheme:

C3H3
+–(N2)n + νIR → C3H3

+–(N2)
∗
n

→ C3H3
+–(N2)m + (n − m)N2 (1)

Only the rupture of the weak intermolecular bonds
is observed under one-photon absorption conditions.
The generated C3H3

+–(N2)m photofragment ions are
mass selected by a second quadrupole mass spectrom-
eter and monitored as a function of the IR laser fre-
quency (νIR) to obtain the photodissociation spectra
of C3H3

+–(N2)n. For larger clusters (n > 1) several
fragment channels (m) are possible and indeed ob-
served. In this case, the IR action spectra are recorded
in the two dominant fragment channels. To reduce
background signal, mainly arising from metastable de-
cay or collision-induced dissociation of parent ions
with residual gas in the octopole region, the cluster
ion source is triggered at twice the laser frequency
and signals from alternating triggers are subtracted.
Pulsed and tunable IR radiation is produced by a single
mode optical parametric oscillator (OPO) laser system
(bandwidth 0.02 cm−1) pumped by a seeded Nd:YAG
laser. The OPO laser frequency is calibrated by op-
toacoustic spectra of HDO recorded simultaneously
with the IR action spectra[11,39]. The IR spectra are
linearly normalized for laser intensity variations mea-
sured with an InSb detector.

3. Quantum chemical calculations

Density functional calculations of C3H3
+–(N2)n

complexes (n = 0–4) have been carried out at the
B3LYP/6-31G∗ level using GAUSSIAN 98[40].
The results provide information about the structure
and stability of the C3H3

+ isomers and their N2
complexes. For comparison with the experimental
IR spectra, harmonic frequencies and IR intensi-
ties are analyzed as well. Comparison with previ-
ous ab initio calculations for c-C3H3

+–(N2)n and
H2CCCH+–(N2)n with n = 0 andn = 1 conducted at
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Fig. 3. Selected properties of the intermolecular H-bonds and intramolecular C–H bonds of the most stable c-C3H3
+–(N2)n complexes

(Fig. 1) as a function of cluster size calculated at the B3LYP/6-31G∗ level: (a) binding energy of the H-bond; (b) intermolecular separation
of the H-bond; (c) C–H bond lengths; (d) C–H stretching frequencies.

the MP2(full)/6-311G(2df,2pd) level[11] shows that
the B3LYP/6-31G∗ level is sufficient to qualitatively
describe the microsolvation of C3H3

+ isomers in
molecular nitrogen. All coordinates are relaxed during
the search for stationary points, and the identification
of local and global minima is verified by harmonic
frequency analysis. Interaction energies are fully
counter-poise corrected for basis set superposition
error [41]. The results of the calculations are summa-
rized inFigs. 1–4andTables 1 and 2. Only the results
relevant for the interpretation of the experimental data
are presented. Further details are available upon re-
quest. As the normal modes of the C3H3

+ isomers are
only weakly affected by N2 complexation, the nomen-
clature of the C3H3

+–(N2)n cluster modes refers to
the C3H3

+ monomer modes (νi), the N2 stretching
modes (νN–N), and the intermolecular bending and
stretching modes (νb andνs). The analysis of the IR
spectrum of C3H3

+–N2 indicates mainly the presence
of the c-C3H3

+ and H2CCCH+ isomers in the ion

source[11]. Hence, the calculations are restricted to
the N2 complexes of these two C3H3

+ ions.

3.1. c-C3H3
+–(N2)n

In line with previous calculations, the B3LYP/
6-31G∗ level predicts the c-C3H3

+ structure to be
the lowest-energy isomer of C3H3

+ (Fig. 1a, D3h).
Cyclic C3H3

+ offers several favorable binding sites
for quadrupolar N2 ligands. The most stable struc-
ture of the c-C3H3

+–N2 dimer corresponds to the
planar H-bound geometry, in which the N2 molecule
forms a linear proton bond to one of the three equiv-
alent H atoms of c-C3H3

+ (Fig. 1b, C2v). At the
B3LYP/6-31G∗ level, this intermolecular bond is char-
acterized by a H–N separation ofR1e = 2.2125 Å, a
dissociation energy ofDe = 1176 cm−1, and a har-
monic stretching frequency ofνs = 108 cm−1. The
corresponding values obtained at the higher MP2/6-
311G(2df,2pd) level are similar (R1e = 2.1772 cm−1,
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Fig. 4. Selected properties of the intermolecular –C–H+· · · N–N H-bond and corresponding acetylenic intramolecular C–H bond of the
most stable H2CCCH+–(N2)n complexes (Fig. 2) as a function of cluster size calculated at the B3LYP/6-31G∗ level: (a) binding energy
of the H-bond; (b) intermolecular separation of the H-bond; (c) acetylenic C–H bond length; (d) acetylenic C–H stretching frequency (ν1).

De = 1227 cm−1, νs = 108 cm−1 [11]) and justify the
application of the B3LYP/6-31G∗ level to describe the
intermolecular c-C3H3

+–N2 interaction. Similar to
the MP2 calculations[11], the C-bound c-C3H3

+–N2

structure (Fig. 1c, Cs) in which the N2 ligand binds to
one of the three C atoms of c-C3H3

+ is found to be
a local minimum on the c-C3H3

+–N2 potential, with

Table 1
Dissociation energies, geometrical parameters, harmonic frequencies (unscaled), IR intensities (km/mol) and symmetry species (in paren-
theses) for the C–H stretching vibrations of c-C3H3

+–(N2)n complexes (Fig. 1) calculated at the B3LYP/6-31G∗ level

n Isomer De (cm−1)a r1e/r2e (Å) R1e (Å) R2e (Å) ν4 (cm−1) ν1 (cm−1)

0 D3h 1.0846 3278.7 (e′/174) 3326.4 (a′
1/0)

1 C2v 1176 (H) 1.0894/1.0843 2.2125 3219.6 (a1/342) 3318.3 (a1/1)
3280.5 (b2/80)

1 Cs 793 (C) 1.0829/1.0842 2.8641 3282.0 (a′′/81) 3335.7 (a′/2)
3291.3 (a′/78)

2 C2v 1116 (H) 1.0888/1.0841 2.2279 3214.3 (b2/456) 3307.5 (a1/4)
3241.6 (a1/184)

3 D3h 1062 (H) 1.0883 2.2420 3220.6 (e′/844) 3275.6 (a′
1/0)

4 Cs 605 (C) 1.0876/1.0864 ≈2.255 2.8981 3227.7 (a′′/397) 3287.7 (a′/6)
1021 (H) 3236.9 (a′/380)

a H and C indicate the binding energies of H-bound and C-bound N2 ligands, respectively.

R2e = 2.8641 Å andDe = 793 cm−1. The MP2 cal-
culations[11] reveal that the planar side-bound planar
structure (C2v) is a transition state for the strongly
hindered internal c-C3H3

+ rotation exchanging two
equivalent H-bound global minima. Moreover, the
�-bound structure in which the N2 ligand binds in a
T-shaped fashion to the aromatic�-electron system
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Table 2
Dissociation energies, geometrical parameters, harmonic frequencies (unscaled), IR intensities (km/mol) and symmetry species (in paren-
theses) for the C–H stretching vibrations of H2CCCH+–(N2)n complexes (Fig. 2) calculated at the B3LYP/6-31G∗ level

n Isomer De (cm−1)a r1e (Å) r2e (Å) R1e (Å) R2e (Å) ν2 (cm−1) ν9 (cm−1) ν1 (cm−1)

0 C2v 1.0781 1.0927 3135.1 (a1/28) 3233.9 (b2/41) 3396.4 (a1/115)
1 C2v 1381 (CH) 1.0861 1.0921 2.1245 3139.4 (a1/26) 3237.7 (b2/36) 3274.2 (a1/536)
1 Cs 1098 (CH2) 1.0776 1.0925/1.0959 2.2603 3105.7 (a′/165) 3216.5 (a′/105) 3400.6 (a′/117)
2 Cs 1320 (CH) 1.0851 1.0922/1.0953 2.1380 2.2730 3111.9 (a′/161) 3219.7 (a′/99) 3286.9 (a′/519)

1038 (CH2)
3 C2v 1263 (CH) 1.0842 1.0950 2.1481 2.2933 3098.8 (a1/179) 3198.0 (b2/231) 3296.5 (a1/507)

971 (CH2)

a CH and CH2 indicate the binding energies of N2 ligands attached to a proton of the CH and CH2 groups of H2CCCH+, respectively.

of c-C3H3
+ (C3v) is identified as a transition state

between the C-bound local minima[11].
As the C3H3

+–N2 interaction is much stronger
than the N2–N2 interaction [42] for any orienta-
tion, the initial microsolvation process of C3H3

+

in molecular nitrogen is predominantly determined
by the C3H3

+–N2 interaction. According to the
c-C3H3

+–N2 dimer potential, the cluster growth in
c-C3H3

+–(N2)n is expected to begin with N2 com-
plexation of the three equivalent protons. Indeed, the
most stable structures of c-C3H3

+–(N2)n with n =
1–3 are planar and highly symmetric (Fig. 1). They
feature equivalent and (nearly) linear intermolecular
proton bonds with C2v (n = 1, Fig. 1b), C2v (n = 2,
Fig. 1d), and D3h symmetry (n = 3, Fig. 1e), respec-
tively. Significant noncooperative three-body effects
cause the intermolecular bonds to become weaker and
longer as the number of equivalent proton bonds in
c-C3H3

+–(N2)n increases:De decreases almost lin-
early from 1176 cm−1 (n = 1) to 1062 cm−1 (n = 3)
by ≈60 cm−1 per N2 molecule (Fig. 3a), and at the
same timeR1e increases by≈0.015 Å per N2 ligand
(Fig. 3b). As expected, the largest structural perturba-
tion of c-C3H3

+ upon N2 complexation is a significant
lengthening of the C–H bonds involved in H-bonding
(r1), and simultaneously a small contraction of the
free C–H bonds (r2). The net effect is an almost
linear increase of the averaged C–H bond length by
0.0012 Å per N2 ligand (Fig. 3c). These structural
changes are also mirrored in the three C–H stretching
frequencies,ν4(e′) andν1(a′

1). The averaged value for
the C–H stretch frequencies decreases by≈19 cm−1

per N2 ligand (Fig. 3d). Symmetry reduction from
D3h (n = 0, 3) to C2v (n = 1, 2) causes the doubly
degenerate C–H stretching mode,ν4(e′), to split into
two components witha1 and b2 symmetry, respec-
tively (Table 1, Fig. 3d). The splitting is calculated
as 60.9 and 27.3 cm−1 for n = 1 and 2, respectively.
The ν4(a1) mode of the dimer is predominantly the
bound C–H stretch mode and features thus a large red
shift upon H-bonding,�ν4(a1) = −59.1 cm−1. In
contrast, theν4(b2) mode is mainly the antisymmetric
stretch of the two free C–H bonds and experiences
only a small blue shift,�ν4(b2) = 1.8 cm−1. In
the trimer (Fig. 1d), the ν4(a1) and ν4(b2) modes
correspond mainly to the symmetric and antisymmet-
ric stretch vibrations of the two bound C–H bonds
and are thus both largely red shifted with respect
to the monomer value:�ν4(a1) = −64.4 cm−1 and
�ν4(b2) = −37.1 cm−1, respectively (Fig. 3d).

After the first solvation subshell is filled with
the formation of three equivalent H-bonds in
c-C3H3

+–(N2)3, further N2 ligands are expected to
form intermolecular C-bonds, because this binding
site corresponds to a local minimum on the dimer
potential. Indeed, calculations for c-C3H3

+–(N2)4
reveal a minimum structure with Cs symmetry in
which one C-bound N2 ligand is attached to a nearly
planar c-C3H3

+–(N2)3 ion core (Table 1). In contrast
to H-bonding, C-bound N2 ligands strengthen and
shorten all C–H bonds, leading to an increase in all
three C–H stretching frequencies (Table 1). Conse-
quently, solvating the c-C3H3

+–(N2)3 ion core with
C-bound N2 ligands is expected to cause a rise in
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both theν4 and ν1 frequencies of c-C3H3
+–(N2)n

for n ≥ 4. Moreover, theν4 splitting in C-bound
c-C3H3

+–N2 and c-C3H3
+–(N2)4 due to symmetry

reduction from D3h to Cs is rather small (≈10 cm−1)
compared to the splitting caused by H-bonding in
the c-C3H3

+–N2 and c-C3H3
+–(N2)2 complexes

(Table 1). Due to noncooperative effects, the C-bond
and the three H-bonds in c-C3H3

+–(N2)4 are weaker
than the corresponding bonds in the C-bound dimer
and H-bound tetramer:De = 605 vs. 793 cm−1 and
De = 1021 vs. 1062 cm−1, respectively (Table 1).

3.2. H2CCCH+–(N2)n

The planar H2CCCH+ ion (Fig. 2a, C2v) is calcu-
lated to be 25.3 kcal/mol less stable than c-C3H3

+

(including harmonic zero-point corrections), in
good agreement with the experimental measurement
(≈25 kcal/mol [1]). The global minimum on the
intermolecular H2CCCH+–N2 dimer potential corre-
sponds to a planar H-bound structure in which the
N2 ligand forms a linear H-bond to the acetylenic
proton (Fig. 2b, C2v). The intermolecular H-bond is
characterized byR1e = 2.1245 Å,De = 1381 cm−1,
and νs = 120 cm−1 (Table 2). The corresponding
data at the MP2/6-311G(2df,2pd) level areRe =
2.0916 Å,De = 1373 cm−1, andνs = 120 cm−1 [11].
H-bonding leads to a large elongation of the acetylenic
C–H bond (�r1 = 0.008 Å), accompanied by a large
red shift (�ν1 = −122.2 cm−1) and IR enhancement
(factor 4.7) of the corresponding C–H stretching fun-
damental (ν1). The C–H bonds of the CH2 group
slightly contract upon complexation of the acetylenic
C–H bond, leading to a small increase of the corre-
sponding symmetric and antisymmetric C–H stretch
frequencies,�ν2 = 4.3 cm−1 and�ν9 = 3.8 cm−1,
respectively. The planar H-bound N2–H2CCCH+

dimer in which the N2 molecule forms a nearly
linear H-bond to one proton of the CH2 group cor-
responds to a local minimum withDe = 1098 cm−1

and R2e = 2.2603 Å (Fig. 2c, Cs). Both local C–H
stretch modes of the CH2 group are strongly coupled
in free H2CCCH+, producing a large splitting of
98.8 cm−1 betweenν2 andν9. As weak H-bonding to

one of the CH2 protons does not completely decouple
both modes, they are both shifted to lower frequency
upon complexation,�ν2 = −29.4 cm−1 and�ν9 =
−17.4 cm−1. The effects of H-bonding are larger for
ν2 because this mode has more bound C–H stretch
character compared toν9. Interestingly, complexation
at the CH2 group slightly strengthens the acetylenic
C–H bond (�r1e = −0.0005 Å) leading to a small
blue shift of�ν1 = 4.2 cm−1.

According to the two H-bound minima on the
dimer potential, H2CCCH+–N2 and N2–H2CCCH+,
the microsolvation of H2CCCH+ in N2 is expected to
begin with solvation of the acetylenic C–H proton and
subsequently the two protons of the CH2 group, lead-
ing to planar equilibrium structures with C2v (n = 1,
Fig. 2b), Cs (n = 2, Fig. 2d), and C2v symmetry
(n = 3, Fig. 2e). Similar to the c-C3H3

+–(N2)n
clusters, noncooperative three-body forces cause the
intermolecular proton bonds to become weaker as the
number of ligands in the cluster increases (Fig. 4).
For example, complexation at the CH2 group causes
the H-bond to the acetylenic C–H group to become
longer and more fragile:R1e = 2.1245, 2.1380, and
2.1481 Å andDe = 1381, 1320, and 1263 cm−1 for
n = 1–3, respectively (Fig. 4a and b). These changes
in H-bonding are also reflected in the C–H bond
lengths and stretching frequencies. For example, com-
plexation at the CH2 group causes the acetylenic C–H
bond to become shorter and stronger:r1e = 1.0861,
1.0851, and 1.0842 Å andν1 = 3274, 3287, and
3297 cm−1 for n = 1–3, respectively (Fig. 4c and d).

4. Experimental results and discussion

Fig. 5 reproduces the IR spectra of C3H3
+–(N2)n

for n = 1–6 in the spectral range between 2970
and 3340 cm−1. They are recorded in the dominant
C3H3

+–(N2)m fragment channel (indicated asn →
m). The observed transitions are labeled A–H, and
their positions, widths, and suggested assignments
are summarized inTable 3. The interpretation of the
transitions are based on the analysis of their positions
and band profiles as well as the comparison with the
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Fig. 5. IR photodissociation spectra of C3H3
+–(N2)n (n = 1–6)

recorded in the C3H3
+–(N2)m fragment channel (indicated as

n → m) between 2970 and 3340 cm−1. The observed transitions
are labeled A–H and their suggested assignments are listed in
Table 3. The transitions B and E connected by dashed lines are
assigned to theν4 band(s) of c-C3H3

+–(N2)n. All other transitions
(A, C, D, F, G, H; connected by dotted lines) are attributed to
H2CCCH+–(N2)n. The arrows below the wavelength scale indicate
the positions ofν4 of free c-C3H3

+ (3125± 4 cm−1 [11]) andν1

of free H2CCCH+ (3319± 10 cm−1 [9]).

quantum chemical calculations. A thorough analysis
of the dimer spectrum (n = 1) is presented in[11]
and only the salient results are repeated here.

Table 3
Positions (cm−1), widths (FWHM, in parentheses), and suggested assignments of the observed transitions in the IR photodissociation
spectra of C3H3

+–(N2)n (n = 1–6) in Figs. 5 and 9

n → m A B C D E F G H

1 → 0a 3001 (6) 3094 (5) 3104.91b 3113 (10) 3128.75b 3139 (4) 3191 (6) 3243 (13)
2 → 0 3011 (24) 3091 (7) 3078 (8) 3118 (4) 3111 (10) 3157 (14) 3194 (8) 3248 (9)
3 → 0 3101 (12)c 3101 (12) 3167 (9) 3197 (8) 3249 (6)
3 → 1 3020 (3) 3083 (5) 3118 (4) 3165 (5) 3194 (7) 3250 (4)
4 → 1 3013 (7) 3106 (12) 3082 (7) 3124 (8) 3106 (12) 3170 (6) 3197 (10) 3251 (7)
5 → 2 3011 (12) 3112 (11) 3084 (7) 3127 (10) 3112 (11) 3173 (10) 3199 (11)
6 → 3 3114 (9) 3079 (13) 3132 (6) 3114 (9) 3174 (8) 3203 (6)
Isomer H2CCCH+ c-C3H3

+ H2CCCH+ H2CCCH+ c-C3H3
+ H2CCCH+ H2CCCH+ H2CCCH+

Assignment 2ν4 ν4 ν3 + ν7/10 ν2?, ν3 + ν10/7? ν4 ν1 ν3 + ν5? ν3 + ν5?

a Ref. [11].
b For the perpendicular transitions C and E in the dimer spectrum the fitted band origins,ν0, are listed.
c This peak has as side shoulder centered at 3115 (16) cm−1.

4.1. The ν4 vibration of c-C3H3
+–(N2)n

According to previous spectra of c-C3H3
+ in salt

crystals, SO2 solutions, and Ne matrices as well as
quantum chemical calculations, only the strongly IR
activeν4 mode is expected to be observed with sig-
nificant intensity in the IR spectra of c-C3H3

+–(N2)n
in the spectral range investigated. Symmetry reduction
from D3h (n = 0) to C2v (n = 1) causes theν4(e′) fun-
damental of c-C3H3

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

+–N2 (Table 1): a perpendicular com-
ponent with a small blue shift,ν4(b2), and a parallel
component with a larger red shift,ν4(a1). The bands B
(3094 cm−1) and E (3129 cm−1) in the spectrum of the
C3H3

+–N2 dimer have unambiguously been assigned
to theν4(a1) andν4(b2) fundamentals of the H-bound
c-C3H3

+–N2 structure shown inFig. 1b [11]. The as-
signments are based on the frequencies, IR intensities,
rotational analysis, the nuclear spin statistical weights
arising from two equivalent protons, and the compar-
ison with ab initio calculations. In addition, the fre-
quency of free c-C3H3

+ could accurately be derived
asν4(e

′) = 3125± 4 cm−1 (indicated by the arrow in
Fig. 5), in good agreement with previous IR spectra of
c-C3H3

+ recorded in a Ne matrix (3130.4 ± 1 cm−1

[10]) and in SO2 solutions (3138 cm−1 [7]). The rovi-
brational analysis shows that the H-bound global mini-
mum of c-C3H3

+–N2 is the only c-C3H3
+–N2 isomer

unambiguously detected in the C3H3
+–N2 spectrum
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in Fig. 5 [11]. This observation is in agreement with
the ab initio and density functional calculations, which
predict that the side-bound and�-bound structures of
c-C3H3

+–N2 are not minima on the intermolecular
potential but transition states. The population of the
C-bound local minima (Fig. 1c) appears to be below
the detection limit, probably because of a low isomer-
ization barrier toward the H-bound global minima[11]
and/or spectral congestion in this spectral range.

The calculations suggest that the most stable
c-C3H3

+–(N2)2 trimer has a planar structure with two
equivalent H-bound N2 ligands (Fig. 1d, C2v). Similar
to the H-bound dimer, theν4 mode of this trimer is
split into two components witha1 and b2 symmetry
and they are observed atν4(a1) = 3111 cm−1 (band
E) andν4(b2) = 3091 cm−1 (band B), respectively.
The measured splitting of 20 cm−1 is somewhat
smaller than the calculated one (27 cm−1). Moreover,
the higher frequencya1 component is predicted to be
≈2.5 times more intense than the lower frequency
b2 component, in good agreement with the experi-
mental spectrum. The calculated global minimum of
the c-C3H3

+–(N2)3 tetramer has a planar structure
with three equivalent H-bound N2 ligands (Fig. 1e,
D3h). The ν4 mode is not split for this structure and
assigned to the intense transition at 3101 cm−1. The
first N2 solvation subshell is closed atn = 3 and
further N2 ligands are expected to form C-bonds to
the planar c-C3H3

+–(N2)3 core, because the C-bond
is a local minimum on the dimer potential. The cal-
culations show that the formation of intermolecular
C-bonds strengthens the intramolecular C–H bonds
leading to an increase in the C–H stretching frequen-
cies. In addition, the C-bonds remove the threefold
symmetry and should split theν4 fundamental into
its two components with similar IR intensity. How-
ever, the splitting is predicted to be of the order
of the typical widths of the bands (≈10 cm−1) and
may not be completely resolved. For example, in the
C-bound dimer and the c-C3H3

+–(N2)4 pentamer it
is calculated to be smaller than 10 cm−1 (Table 1).
Thus, complexation of the c-C3H3

+–(N2)3 core ion
with equivalent C-bound N2 ligands should produce
single and possibly slightly broadenedν4 bands with

Fig. 6. Comparison between experimental (a) and calculated (b)
ν4 frequencies of the most stable c-C3H3

+–(N2)n clusters. For the
calculated fundamentals the symmetry species are listed as well.

increasing frequency asn increases. Indeed, the IR
spectra of c-C3H3

+–(N2)n with n = 4–6 show single
intense bands at 3106, 3112, and 3114 cm−1 which
can readily be assigned to theν4 fundamental(s) of
these cluster ions. The incrementalν4 blue shift of the
n = 4 complex with respect to then = 3 complex,
�ν4 = 5 cm−1, is compatible with the calculated av-
eraged shift of bothν4 components,�ν4 = 12 cm−1.

Fig. 6 compares the observedν4 frequencies of the
most stable c-C3H3

+–(N2)n complexes (a) with those
predicted at the B3LYP/6-31G∗ level (b). The over-
all good agreement of both pattern strongly supports
the given assignments. Moreover, the size-dependent
ν4 frequencies reflect directly the substructure of the
first N2 solvation shell around the c-C3H3

+ ion. N2

ligands in the first subshell (n = 1–3) form equivalent
and (nearly) linear H-bonds which destabilize the C–H
bonds of c-C3H3

+ leading to a decrease of the aver-
agedν4 frequency asn increases. On the other hand,
N2 ligands in the second subshell form equivalent
C-bonds which stabilize the C–H bonds of c-C3H3

+
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leading to an increase of the averagedν4 frequency.
Presumably up to six ligands can form C-bonds (three
above and three below the c-C3H3

+ plane), implying
that the second subshell corresponds to the size range
n = 4–9. It is not clear how many N2 ligands are
required to complete the first solvation shell around
the central c-C3H3

+ ion. Moreover, although the in-
crementalν4 frequency shift decreases monotonically
for n = 4–6 (Fig. 6a), it is apparently not fully con-
verged atn = 6. However, convergence at this cluster
size is not expected because the first solvation shell
is not completed yet. Interestingly, theν4 frequency
of then = 6 cluster is very close to the frequency of
the bare ion, and the total shift (�ν4 = −11 cm−1)
is smaller than those of the smaller cluster sizes. This
observation emphasizes the large effects of asymmet-
ric solvation of the central ion within an incomplete
first solvation shell.

So far, theν4 transitions have all been assigned
to the most stable c-C3H3

+–(N2)n clusters (see the
bands B and E connected by dashed lines inFig. 5).
The only indication for the existence of a less stable
isomer is observed in the spectrum of then = 3 com-
plex, where a second band at 3115 cm−1 (indicated by
an asterisk inFig. 5) is observed in the range ofν4,
in addition to theν4 fundamental assigned to the D3h

symmetric global minimum structure (3101 cm−1).
The 3115 cm−1 band is shifted to the blue of then = 2
absorptions and may thus be attributed to a less stable
n = 3 isomer featuring two H-bonds and one C-bond,
because C-bonding stabilizes the C–H bonds. The
analysis of the photofragmentation branching ratios in
Section 4.4strongly indicates that theν4 fundamental
is the only transition of c-C3H3

+–(N2)n occurring in
the spectral range investigated. Hence, all other transi-
tions observed in the spectra of C3H3

+–(N2)n have to
be attributed to clusters with another C3H3

+ isomer.

4.2. The ν1 vibration of H2CCCH+–(N2)n

The rovibrational analysis of band C in the spectrum
of C3H3

+–N2 unambiguously proves the presence of
H2CCCH+ (Fig. 2a) and its H-bound H2CCCH+–N2

dimer (Fig. 2b) in the expansion[11]. According to

the ab initio[11] and density functional calculations
(Table 2), ν1 is by far the strongest IR active fun-
damental of this dimer in the investigated spectral
range. It corresponds to the stretching mode of the
acetylenic C–H bond adjacent to the intermolecular
proton bond. The corresponding gas-phase frequency
of bare H2CCCH+ has been measured asν1 =
3319 cm−1 (indicated by an arrow inFig. 5) [9] and
no intense absorption is observed in the IR spectrum
of C3H3

+–N2 within 80 cm−1 of this value. Conse-
quently, theν1 fundamental of any H2CCCH+–N2

isomer present in the expansion has to feature a sub-
stantialν1 shift which can only occur when the N2

ligand binds to the terminal acetylenic C–H group of
H2CCCH+. Apparently, the H-bound H2CCCH+–N2

minimum in Fig. 2b is the only H2CCCH+–N2 iso-
mer with significant abundance in the expansion. This
structure is also predicted to be the global minimum
of this dimer. H-bonding induces a large red shift
and IR intensity enhancement ofν1 (Table 2) owing
to a significant destabilization of the acetylenic C–H
bond. Consequently, the intense band F at 3139 cm−1

in the spectrum of C3H3
+–N2 has been assigned toν1

of H-bound H2CCCH+–N2 [11]. The measured red
shift upon complexation (−180 cm−1) is somewhat
larger than the calculated one (−122 cm−1).

As can be seen fromFig. 5, band F assigned to
ν1 of H-bound H2CCCH+–N2 displays significant
monotonic blue shifts upon complexation with addi-
tional N2 ligands (Fig. 7a). Apparently, the acetylenic
C–H bond is stabilized by the addition of further N2

ligands, consistent with a reduction in the strength
of the adjacent intermolecular proton bond to the
first N2 ligand (Fig. 4a). This behavior is typical for
solvation of a H-bound AH+–L dimer with further
ligands L [43–45] and has previously been observed
for several N2 containing ion–ligand complexes, such
as SiOH+–(N2)n and C6H5OH+–(N2)n [45,46]. It
strongly supports the assignment of band F toν1 of
H-bound H2CCCH+–N2. The measured incremental
blue shifts upon further complexation of H-bound
H2CCCH+–N2 decrease in a monotonic fashion as
a function ofn: �ν1 = 18, 10, 3, 3, and 1 cm−1 for
n = 2–6, respectively (Fig. 7a). The shifts of the
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Fig. 7. Comparison between experimental (a) and calculated (b)
ν1 frequencies of the most stable H2CCCH+–(N2)n clusters.

second and third N2 ligand are much larger than those
of subsequent ligands, indicating that both groups of
ligands have qualitatively different binding sites. This
observation is taken as evidence that the second and
third ligand are forming H-bonds to the two protons
of the CH2 group (Fig. 2d and e). Indeed, these pla-
nar structures are calculated to be stable minima and
N2 complexation at the CH2 group is stabilizing the
acetylenic C–H bond. The blue shifts ofν1 of 13 and
10 cm−1 calculated for thesen = 2, 3 structures are
compatible with the observed shifts of 18 and 10 cm−1,
respectively (Fig. 7b). Apparently, further N2 ligands
(n > 3) occupy less favorable binding sites which
have a smaller influence on the acetylenic C–H stretch.

Finally, it is noted that the characteristicν1 band
shifts of H2CCCH+–(N2)n would also be compat-
ible with a cluster growth scenario different from
that described inFig. 2. In this alternative model,
the H-bound H2CCCH+–N2 dimer in Fig. 2b is
further solvated by N2 ligands filling an equatorial
solvation ring around the acetylenic proton. Similar
cluster structures have been inferred for HCO+–Arn

and HN2
+–Arn from their ν1 spectral shifts[38,44]

which are qualitatively similar to those observed for
H2CCCH+–(N2)n. However, efforts to locate the
corresponding minimum on the H2CCCH+–(N2)2
potential by gradient optimization failed. Thus, al-
though such cluster geometries can not be ruled out
completely, the cluster growth described inFig. 2 is
presently favored.

4.3. Other vibrations

In contrast to theν1 vibration of H2CCCH+–(N2)n
and theν4 vibration(s) of c-C3H3

+–(N2)n, the assign-
ments of the other bands (i.e., A, C, D, G, H) are
less certain. The analysis of the photofragmentation
branching ratios presented inSection 4.4suggests that
the latter bands are almost certainly not arising from
isomeric c-C3H3

+–(N2)n clusters. Consequently, they
are most likely due to H2CCCH+–(N2)n and this sce-
nario has been followed in[11] to obtain the tentative
assignments listed inTable 3. The reader is referred to
[11] for a more detailed discussion of these suggested
assignments and only the salient results are summa-
rized here.

The rotational structure of band C in the dimer
spectrum with origin at 3104.91 cm−1 is only com-
patible with the H-bound CH2CCCH+–N2 structure
shown inFig. 2band this vibration has been attributed
to either ν3 + ν7 or ν3 + ν10 [11]. The ν3 mode
is the acetylenic C–C stretch with a frequency of
2100 cm−1 and has by far the largest IR intensity of
all vibrations of bare H2CCCH+ [10,11,35]. Hence,
combination tones involvingν3 are expected in the IR
spectra of H2CCCH+–(N2)n. The ν7 andν10 modes
are the out-of-plane acetylenic C–H bend and asym-
metric in-plane CH2 bend, respectively. The larger
clusters (n > 1) show absorptions near 3080 cm−1

which possibly correspond to the C band of the dimer.
However, this correspondence is tentative. Band A
has been assigned to the overtone ofν4 which is the
symmetric in-plane CH2 bend. This transition shifts
to the blue by about 10 cm−1 upon N2 complexation
at the CH2 group (n = 2, 3), consistent with the addi-
tional retarding force arising from the formation of the
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intermolecular proton bonds. Band D at 3113 cm−1

in the dimer spectrum is tentatively attributed toν2

(symmetric C–H stretch of the CH2 group), whereas
one of the bands G or H is assigned toν3 + ν5, the
combination of both C–C stretch modes.

Most of the vibrational assignments given in this
section are rather uncertain. Other alternative in-
terpretations[11] may involve clusters of the less
stable C3H3

+ isomers, such as H3CCC+–(N2)n or
H2CCHC+–(N2)n. In addition, as C3H3

+ has the
same mass as [CCNH]+ some transitions may even
arise from [CCNH]+–(N2)n. Although these alterna-
tive scenarios are not very likely[11], they cannot
be ruled out completely on the basis of the present
experimental and theoretical evidence.

4.4. Dissociation energies

According to the photodissociation process de-
scribed in Eq. (1), several C3H3

+–(N2)m fragment
channels (m < n) may be observed for a given

Fig. 8. Mass spectra obtained by mass selection of C3H3
+–(N2)3 with the first quadrupole mass spectrometer and scanning the mass of

the second quadrupole mass spectrometer. For spectrum (a) the laser is blocked and the observed C3H3
+–(N2)2 fragment ions arise from

metastable decay and/or collision-induced dissociation with residual gas in the octopole. For spectra (b) and (c) the laser is tuned to theν1

and ν4 resonances of H2CCCH+–(N2)3 and c-C3H3
+–(N2)3, respectively, and additional laser-induced dissociation signals are observed

in the C3H3
+–(N2)m fragment channels withm = 0 andm = 1.

C3H3
+–(N2)n parent cluster withn > 1. The num-

ber of evaporated ligands upon photoexcitation may
sensitively depend on the cluster size, the excitation
energy, and the type of isomer. For example,Fig. 8
shows the mass spectra obtained by mass-selecting
C3H3

+–(N2)3 parent ions with the first quadrupole
and scanning the mass of the second quadrupole
with the laser set to different IR excitation wave-
lengths. For spectrum (a) the laser beam is blocked
and the observed C3H3

+–(N2)2 fragment ions arise
from metastable decay and/or collision-induced dis-
sociation with residual gas in the octopole. For spec-
trum (b) the laser is tuned to theν1 resonance of
H2CCCH+–(N2)3 and additional laser-induced disso-
ciation signals are observed in the C3H3

+–(N2)m frag-
ment channels withm = 0 (30%) andm = 1 (70%).
In contrast, resonant excitation of theν4 transition
of c-C3H3

+–(N2)3 in spectrum (c) leads exclusively
to the observation ofm = 0 fragments (in addition
to them = 2 fragments arising from metastable de-
cay and/or collision-induced dissociation). In general,
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Table 4
Photofragmentation branching ratios (%) of C3H3

+–(N2)n complexes for the photoinduced reaction (Eq. (1)) measured at theν4 band of
c-C3H3

+–(N2)n and theν1 band of H2CCCH+–(N2)na

Excitation n = 1, 2 n = 3 n = 4 n = 5 n = 6

ν4 of c-C3H3
+–(N2)n m = 0 (100) m = 0 (100) m = 1 (100) m = 2 (100) m = 3 (100)

ν1 of H2CCCH+–(N2)n m = 0 (100) m = 0 (30), m = 1 (70) m = 1 (100) m = 2 (100) m = 3 (100)

a Only channels contributing more than 10% are listed. Uncertainties are estimated as 10%.

metastable decay and collision-induced dissociation
leads to the evaporation of only one N2 ligand, whereas
laser-induced dissociation of larger C3H3

+–(N2)n
clusters (n > 1) causes the rupture of at least two inter-
molecular bonds. Typically, the fragment currents are
of the order of 1% of the parent ion currents for both
metastable decay/collision-activated dissociation and
photoexcitation of the intense vibrational resonances
at the employed laser intensities (≈10−1 mJ/mm2).

Table 4 summarizes the photofragmentation
branching ratios measured forν1 excitation of
H2CCCH+–(N2)n and ν4 excitation of c-C3H3

+–
(N2)n. For cluster sizes with splitν4 bands (n = 2,
3), the ratio is measured for excitation of the more
intenseν4 component. Similar to previous studies
on related systems[43–50], the range of observed
fragment channels is rather narrow. For nearly all
cluster sizes investigated, more than 95% of the pho-
todissociation signal appears in a single fragment
channelm. This observation can be used for a rough
estimation of ligand binding energies by assuming a
simple statistical model for the evaporation process
[45,48]. The basic assumption of this model is that
the absorbed photon energy (νIR ≈ 3 × 103 cm−1)
is used for ligand evaporation (only single photon
absorption is observed at the employed laser inten-
sities of ≈10−1 mJ/mm2). Thus, the photon energy
must be larger than the sum of the binding energies
of the (n − m) evaporated ligands but smaller than
the sum of the (n − m + 1) most weakly bound lig-
ands. This model has successfully been applied to
a variety of related cluster ions and has predicted
dissociation energies in qualitative agreement with
high level ab initio calculations and thermochemical
measurements[43–50]. An additional assumption to

the model is that equivalent ligands have the same
binding energy. For the c-C3H3

+–(N2)n clusters, the
ligands are classified into H-bound (n = 1–3) and
C-bound ligands (n = 4–9) with ligand binding ener-
gies ofD0(H) andD0(C), respectively. The estimated
binding energies derived from the photofragmentation
data in Table 4 are D0(H) = 900± 130 cm−1 and
D0(C) = 860± 170 cm−1. These values are compati-
ble with the dissociation energies of the H-bound and
C-bound c-C3H3

+–N2 dimers calculated at both the
B3LYP/6-31G∗ (De = 1176 and 793 cm−1, Table 1)
and MP2/6-311G(2df,2pd) levels (De = 1227 and
1102 cm−1 [11]). For the H2CCCH+–(N2)n clus-
ters, the ligands are classified according to bind-
ing to the acetylenic CH proton (n = 1, D0(CH)),
to the CH2 group (n = 2, 3, D0(CH2)), and fur-
ther ligands (n > 3, D0(n > 3)). The restrictions
derived from the data inTable 4 are D0(CH) =
2000± 1000 cm−1, D0(CH2) = 1200± 400 cm−1,
and D0(n > 3) < 1050 cm−1. Again, these val-
ues are consistent with the dissociation energies of
the corresponding H2CCCH+–N2 dimers calculated
at the B3LYP/6-31G∗ level, De(CH) = 1381 cm−1

and De(CH2) = 1098 cm−1 (Table 2), and the
MP2/6-311G(2df,2pd) level,De(CH) = 1373 cm−1

andDe(CH2) = 1180 cm−1 [11].
Fig. 9 compares the IR photodissociation spectra

of C3H3
+–(N2)3 recorded in the C3H3

+ (3 → 0) and
C3H3

+–N2 (3 → 1) fragment channels. The intense
transition assigned to the degenerateν4(e′) funda-
mental of c-C3H3

+–(N2)3 (bands B/E) occurs only in
the 3→ 0 spectrum and is completely absent in the
3 → 1 spectrum. In contrast, the transitions assigned
to H2CCCH+–(N2)3 are observed in both spectra.
Thus, the total dissociation energy of the first three
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Fig. 9. IR photodissociation spectra of C3H3
+–(N2)3 recorded in

the C3H3
+ (bottom) and C3H3

+–N2 (top) fragment channels (indi-
cated as 3→ 0 and 3→ 1) between 3015 and 3280 cm−1. The ob-
served transitions are labeled A–H and their suggested assignments
are listed inTable 3. The transitions assigned to c-C3H3

+–(N2)3,
B and E, occur only in the C3H3

+ fragment channel. In con-
trast, the (intense) transitions assigned to H2CCCH+–(N2)3 are
observed in both fragment channels.

ligands in c-C3H3
+–(N2)3 must be smaller than in

H2CCCH+–(N2)3. Moreover, the fact that the tran-
sitions of c-C3H3

+–(N2)3 are only observed in the
3 → 0 spectrum strongly suggests that all transitions
seen in the 3→ 1 spectrum have to be attributed
to another isomer. This method of isomer identifica-
tion has previously also been applied to other ionic
complexes[47,51]. In general, the widths of the
H2CCCH+–(N2)3 transitions F, G, and H observed
in the m = 1 fragment channel (loss of two ligands)
are smaller than those in them = 0 fragment chan-
nel (loss of three ligands). This effect is attributed
to different internal energies of the parent cluster
ions prior to IR excitation. Basically, initially colder
H2CCCH+–(N2)3 cluster ions have less total inter-
nal energy after IR excitation, leading to narrower
resonances and the loss of fewer ligands.

5. Concluding remarks

The intermolecular interaction of two important
C3H3

+ isomers, namely c-C3H3
+ and H2CCCH+,

with N2 ligands has been characterized by IR

spectroscopy of mass-selected C3H3
+–(N2)n com-

plexes and density functional calculations. The anal-
ysis of systematic frequency shifts and splittings as
well as photofragmentation branching ratios provides
a consistent picture of the microsolvation process
of both hydrocarbon cations in molecular nitrogen.
Detailed information about cluster geometries and
structures of solvation shells is derived.

In the most stable c-C3H3
+–(N2)n complexes, the

first three N2 ligands form (nearly) linear and equiv-
alent proton bonds to the three protons of c-C3H3

+,
leading to highly symmetric planar structures with
C2v (n = 1, 2) and D3h symmetry (n = 3). After
completion of the first subshell atn = 3, further N2

ligands form slightly weaker intermolecular bonds to
the C atoms of the almost planar c-C3H3

+–(N2)3 ion
core. The dissociation energies of the H-bonds and
C-bonds in c-C3H3

+–(N2)n are estimated asD0(H) =
900±130 cm−1 andD0(C) = 860±170 cm−1, respec-
tively. In general, the deduced microsolvation model
of c-C3H3

+–(N2)n is very similar to that of the re-
lated NH3

+–Arn cluster system[48,52]. In the most
stable H2CCCH+–N2 complex, the N2 ligand forms
a linear ionic H-bond to the acetylenic C–H group
of H2CCCH+, leading to a planar structure with C2v

symmetry. The calculations suggest that the next two
ligands bind to the protons of the CH2 group giving
rise to planar structures with Cs (n = 2) and C2v sym-
metry (n = 3). The binding sites of further ligands
cannot be determined with the available experimental
and theoretical data. For both isomeric C3H3

+–(N2)n
cluster systems, significant noncooperative three-body
effects are observed, i.e., the intermolecular bonds be-
come weaker as the cluster size increases. Moreover,
large effects upon asymmetric solvation for clusters
with an incomplete first solvation shell are found. Un-
fortunately, no matrix isolation studies of any C3H3

+

isomer in molecular nitrogen has been performed, pre-
venting a detailed comparison of the C3H3

+–(N2)n
cluster vibrations with the bulk limit (n → ∞).

Finally, the present study on C3H3
+–(N2)n clus-

ters demonstrates that the fruitful interplay between
IR spectroscopy, mass spectrometry, and quantum
chemical calculations of cluster ions can provide
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fundamental information about important ions and
their interaction with inert ligands. In particular, de-
tailed knowledge of the interaction between hydro-
carbon cations and N2 may be useful to improve our
understanding of physical and chemical phenomena
in combustion processes. Moreover, concerning the
unambiguous identification of isomers of ions and
cluster ions, the IR spectroscopic approach employed
in the present work has proven to be more generally
applicable than experiments solely based on mass
spectrometry.
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