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Abstract: Mid-infrared photodissociation spectra of mass selected C3Hs"-N; ionic complexes are obtained
in the vicinity of the C—H stretch fundamentals (2970—3370 cm™1). The C3Hs"-N, dimers are produced in
an electron impact cluster ion source by supersonically expanding a gas mixture of allene, Nz, and Ar.
Rovibrational analysis of the spectra demonstrates that (at least) two CsHs* isomers are produced in the
employed ion source, namely the cyclopropenyl (c-CsHs™) and the propargyl (H,CCCH™) cations. This
observation is the first spectroscopic detection of the important c-C3Hs™ ion in the gas phase. Both C3Hs™
cations form intermolecular proton bonds to the N; ligand with a linear —C—H---N—N configuration, leading
to planar C3Hs™-N; structures with C,, symmetry. The strongest absorption of the H,CCCH*-N, dimer in
the spectral range investigated corresponds to the acetylenic C—H stretch fundamental (v, = 3139 cm™1),
which experiences a large red shift upon N, complexation (Av, ~ —180 cm™%). For c-C3Hz*-Ny, the strongly
IR active degenerate antisymmetric stretch vibration (v4) of c-CsHs™ is split into two components upon
complexation with Na: v4(a1) = 3094 cm~* and v4(by) = 3129 cm~*. These values bracket the yet unknown
v4 frequency of free c-C3Hs™ in the gas phase, which is estimated as 3125 + 4 cm™! by comparison with
theoretical data. Analysis of the nuclear spin statistical weights and A rotational constants of H,CCCH™-N;
and c-C3Hs"-N; provide for the first time high-resolution spectroscopic evidence that H,CCCH™ and c-CsHz™
are planar ions with C,, and Ds, 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 A and binding energies of D, = 1227 and 1373 cm? for the H-bound c-CsHs*™-N,
and H,CCCH™-N; dimers, respectively.

. Introduction
1.0770
The GH3" ion is a fundamental hydrocarbon cation and plays 1.0774 3507 1.1104 3503
a central role for many important processes in physical and ' 21772 1 360N

organic chemistry. Two isomeric structures ofHz"™ have
previously been identified by mass spectrometric and spectro-
scopic techniqués®® and both are also observed in the present
work (Figure 1): the cyclic planar cyclopropenyl cation
(c-CsHs™, Dgzy) and the open-chain planar propargyl cation
(H2CCCH, Cy,). c-GH3™ is the smallest aromatic cation with
two delocalizedr electrons and is<25 kcal/mol more stable
than HCCCH".2 This experimental observation is confirmed
by numerous ab initio calculations, which predict high barriers
to interconversion between the two most stableH{
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Figure 1. Geometrical data (in A) of the minimum structures of
¢c-GgH3", H,CCCH', and their complexes with Ncalculated at the
MP2(full)/6-311G(2df,2pd) level. The interatomic separation in fredsN
calculated as 1.1108 A
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are calculated to be significantly less stable thangklsC and
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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-C3Hs™ (Dsp), H,CCCH* (C,,), and their H-Bound N, Complexes (C,,) Calculated at the

MP2(full)/6-311G(2df,2pd) Level (For Comparison, Available Experimental Fundamental Frequencies Are Listed)

mode H,CCCH*IN, H,CCCH*IN, H,CCCH*N, A mode c—CgH3"IN, ¢-CsH3*IN, c-CsHz™N, A

exp? calc calc calc expP calc calc calc

v1(an) 3319 3412 (113) 3297 (486) —115 V1 3183 3352 (0/4) 3344 (2/a) -8

vo(an) 3130 3155 (22) 3156 (18) 1 V2 1626 1657 (0/g) 1653 (3/a) —4

v3(ay) 2122 2257 (395) 2239 (617) —-18 V3 (1031) 1057 (0/g) 1075 (0/h) 18

va(a) 1465 1499 (9) 1500 (12) 1 Va 3138 3302 (225/¢ 3243 (364/a) —59

vs(a) (1106) 1141 (29) 1144 (112) 3 3305 (105/b 3

ve(b1) 1183 1160 (9) 1156 (9) —4 Vs 1290 1339 (77/¢ 1340 (63/a) 1

v7(b1) (910) 881 (8) 974 (5) 93 1333 (36)b —6

vg(b1) 273 (25) 301 (20) 28 Ve 927 953 (64/9 952 (25/a) -1

vo(by) 3266 (47) 3268 (43) 2 982 (23)p 29

v10(b2) 1049 (1) 1050 (1) 1 v7 758 784 (70/d") 806 (61/h) 22

v11(e) 696 (43) 815 (31) 119 Vg (990) 1032 (0/8) 1032 (0O/a) 0

V1) 294 (21) 306 (16) 12 1079 (1p 47

vs (an) 120 (26) Vs 108 (22/a)

vp(b1) 118 (0) Vb 126 (0/h)

vp(b1) 51 (0) Vb 68 (0/h)

vu(b2) 123 (0) Vb 112 (1/B)

vb(b2) 53(0) Vb 55 (0/y)

VN-N 2330 2204 (0) 2211 (7) 7 VN-N 2330 2204 (0) 2208 (6) 4

aGas-phase fundamental frequencies @CBCH" are derived from ZEKE spectra of ACCH with an uncertainty of=10 cnr® (ref 9). Values in
parentheses are obtained from combination bahBandamental frequencies of gt are measured in liquid SQr in polycrystalline c-GHz*X~ salts
(ref 4). Values in parentheses are derived from a normal coordinate anél@sis-phase fundamental frequency (ref 64).

The present work reports IR spectra and quantum chemical
calculations of isomeric §3*-N, dimers. The results provide
new information about the structural, spectroscopic, and ener-
getic properties of c-gHst and HLCCCH'™ and their intermo-
H,CCCH' is likely to be involved in the production of lecular interaction with M Several weakly bound complexes
interstellar HCCC2125 The probable detection of cs8s" in of the type GHs"-X with stable molecules X have been
the coma of comet Halley by mass spectrometry has also beenidentified in mass spectrometric studfe§:32 Some of them
reportec?® In addition, c-GH3" is a major ion in hydrocarbon  correspond to collisionally stabilized intermediates of chemical
flames and thus discussed as an important nucleation center foreactions involving gHs* and X. Often, the different reactivity
soot formation in combustion proces$€st® CsHz" is also a of c-G3Hst and HCCCH' toward neutral molecules X is used
common fragment ion observed in the mass spectra of hydro-to distinguish between both isomers (withGCCH' being
carbon molecules. usually more reactive)®—2 Selected ion flow tube studies show

Despite their importance, spectroscopic information at the that both c-GHs™ and HLCCCH' do not react with inert N’
level of rotational resolution is lacking for all;83" isomers. In contrast to mass spectrometric studies, no spectroscopic data
Lower resolution studies of #£CCH?' include photoelectron  exist for GHs™-X dimers. Thus, the present study on
spectra®yielding the fundamental frequencies far-v, (Table CsHs™-N; provides the first spectroscopic information about
1), and a recent Ne matrix isolation spectrtfhiNo gas-phase  structure and stability of such complexes. Information about
spectrum is available for c4Bl3™. However, nearly all funda-  the intermolecular potential of £37-X dimers is desired to
mental frequencies of this ion are known from infrared (IR) improve our understanding of the intermolecular interaction and
spectra of polycrystalline c4Bi3™X ™ salts}* Raman studies of ~ ion—molecule reaction chemistry of the variougHz" isomers.
such salts in liquid S& and an IR spectrum of c4Bl3™ Interestingly, both gHs* ions observed offer several favorable
embedded in a Ne matri.Furthermore, ab initio data on the competing ligand binding sites. For example, in #4¢"-N;
equilibrium structure, harmonic frequencies, and rotation the N ligand may bind to ther-electron system of the aromatic
vibration parameters derived from anharmonic force fields are ring (-bond) or to one of the three equivalent carbon (C-bond)
available for both c-gHs™ (refs 14 and 2#29) and HCCCH".30:31 or hydrogen atoms (H-bond). IR spectra of benZeNe and
phenot-N; indicate that N forms as-bond to the benzene
catior?® and a H-bond to the ©H group of phenof.3435 In
the case of HCCCH', N, may form a H-bond to a proton of

cations in the iorr-molecule reaction chemistry of terrestrial
and extraterrestrial hydrocarbon plasi&s® For example,
c-CgHst is assumed to be the major precursor for 4§ an
ubiquitous molecule in interstellar medi&2* Similarly,
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Figure 2. Typical mass spectrum of the ion source in the range7lDu
obtained by expanding a gas mixture of allene@BCH,), Ar, and N in

the ratio of 1:100:100 at a backing pressure of 5 bar. The spectrum is
dominated by N*, Art/CsHa™, N2T-Ar, and GHst. The Nt and Art peaks

are saturated. The inset shows part of the mass spectrum expanded by
factor of 5 to show the mass peak ofHG"-N,. The intensity ratio of the
CsH3™N; and GHs* peaks is of the order of 1:300.

either the CH group or the acetylenic €H bond. The IR
spectra of GHz™-N; produced in a low-temperature supersonic

or benzene (6Hg) are, however, qualitatively similar to those obtained
with allene, implying that the relative abundance of0€CH" and
c-CsHs" is roughly independent within this group of precursors. All
spectra presented here are obtained employing allene because this
precursor produces the by far largestig'-N, currents.

The produced ions are extracted from the source through a skimmer
into a quadrupole mass spectrometer tuned to the massHf-@l,
(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 gHs"-N, into metastable rovibrational levels above
the lowest dissociation threshold causes fragmentation igtig'Gand
N2. No other fragment channels are observed. The produgkd™C
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 4£15"-N,. 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 by optoacoustic reference spectra of HDO
&ecorded simultaneously with the photodissociation spectrum using the
signal output of the OPO, and interpolation between reference lines is
facilitated by transmissiontalon markers of the OPO oscillator. All
line positions are corrected for the Doppler shif)(04 cnt?) induced
by the kinetic energy of the ions in the octopogi{ = 6.5+ 0.5 eV).
The Doppler width derived from the estimated uncertaintiin(0.002

plasma and the quantum chemical calculations presented in theem™) is well below the laser bandwidth (0.02 cf All spectra are

present work will reveal the most favorable binding site of N
for both GH3* isomers. Moreover, important spectral informa-
tion about the properties of free cidz™ and HCCCH' can
be derived from the rovibrational analysis of thgHg"-N_ dimer

normalized for laser intensity variations by using an InSb IR detector.

I1l. Ab Initio Calculations

The electronic ground states of the closed-shelkld«C and

spectra in conjunction with the calculations. This strategy is H,ccCH* ions and their dimers with Nare investigated by
frequently called messenger technique and has been successfullyy, initio and density functional calculatioffs. All re-

employed to derive spectroscopic parameters of bare ions fromgts reported in the present work are obtained at the

their corresponding cluster spect?es-41

Il. Experimental Section

IR photodissociation spectra of3;"-N, ionic complexes are
recorded in a tandem mass spectrom&ér.The complexes are

produced in an ion source combining a pulsed and skimmed supersonic

expansion with electron impact ionizatiéhAll spectra shown in the
present work are obtained by expanding a gas mixture of allene
(H.CCCH), Ar, and N 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

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 6-31Gbasis 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 gHs™ isomers and their N complexes.
Moreover, the properties of the intermolecular interaction and

molecule and three-body association reactions lead to the formation ofits influence on the monomer ions are characterized (e.g.,
CsHs"™-N, complexes. A typical mass spectrum of the ion source in  intermolecular separation and binding energy, intermolecular
the range 1670 u is reproduced in Figure 2. This mass spectrum is  frequencies, effects of complexation on the monomer properties).

i + + +_ +_ + .. . . .
dominated bY W, Ar [CaHa™, Nz.Ar/C3H4 Nz and GHs". In The global minima on the respective intermolecular potentials
agreement with previous electron impact mass spectra of allene, the

by far largest fragment ion produced is thgHg" ion.** The intensity
ratio of the GH3s"-N, and GH3" mass peaks is of the order of 1:300.
The IR spectrum of @43™-N, complexes under these experimental
conditions reveals high abundance of botfCBCH" and c-GHs" in

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

the ion source. To substantially suppress the production of one of the superposition erraf® The results of the calculations are sum-
two isomers, allene has been replaced by other precursors. IR spectranarized in Figure 1 and Table 1. As thgHGt normal modes

recorded with propyne ($¢CCH), 3-chloro-1-propyne (CHCCCH),
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are only slightly modified upon Ncomplexation, the nomen-
clature employed for the normal modes ofHz™-N, refers to
the intramolecular modes of;83" (1), the N stretch vibration

The HLCCCH" isomer of GHz™ (Figure 1) is calculated to
be 31.5 kcal/mol less stable than gHz" (including harmonic
zero-point corrections), in reasonable agreement with the

(vn—n), and the intermolecular bending and stretching modes experimental valuex25 kcal/mol)? Similar to c-GHs", the

(v, vs), respectively. A figure of the normal modes of gHG"
may be found in ref 28.

In agreement with previous calculations, gHg" (Dap) is
found to be the most stable isomer ofHz". The calculated
equilibrium geometry (Figure 1) and harmonic vibrational
frequencies (Table 1) are also in satisfying agreement with

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 HCCCH?"-N; corresponds to a H-bound structure,
in which the N ligand forms a linear ionic hydrogen bond to
the acetylenic proton of #CCCH" (Figure 1, Cy). The

available experimental and theoretical data. The global minimum intermolecular bond in BCCCH*-N; (De = 1373 e, Re =

on the intermolecular potential of c383*-N, corresponds to
the planar H-bound structure, in which the hNand forms a

2.0916 A ws = 120 cnt?) is slightly stronger and shorter
compared to that in c4Bl3™-N,, as the proton affinity of CCC

linear ionic hydrogen bond to one of the three equivalent protons IS lower than that of c-gH,.*® Similar to c-GHs"-N,, the

of ¢c-GgHs™ (Figure 1, Cp). The intermolecular bond is
characterized by a dissociation energyDpf= 1227 cn1?, an
intermolecular H-N separation ofR. = 2.1772 A, and a
harmonic intermolecular stretching frequencyw:ef= 108 cnt?.

As expected, the major effect of ,Ncomplexation on the
c-CsHst ion is an elongation of the €H bond adjacent to the
intermolecular bondAr. = 0.005 A). The calculated equilib-
rium structure of c-@Hs™-N; is close to a prolate symmetric
top (ke = —0.996), with rotational constants é¢ = 1.0326
cm, Be = 0.0455 cni!, andC, = 0.0436 cn1l. 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-8 stretch fundamentals.
Complexation reduces the symmetry frdg, for c-CsHs™ to

C,, for H-bound c-GHz™-N,. As a consequence, the IR
forbidden symmetric stretch vibration;i(a;), 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,v4(€), splits into two components
in the dimer,v4(a1) andva(by). Thevs(a) mode is predominantly
the bound G-H stretch and experiences thus a significant red
shift upon formation of the proton bondy4(a) = —59 cnt™.

On the other hand, they(b,) mode is mainly an antisymmetric
linear combination of the free €H stretch modes and experi-
ences only a very small blue shifhv4(by) = +3 cnTL.

The three equivalent H-bound global minima are not the only
minima located on the intermolecular potential of gHg"-N,.
The nonplanar C-bound structures in which thgligand is
situated above the aromatigh:™ ring and pointing toward
one of the C atoms (L are local minimaDe = 1102 cnT?).
The planar side-bound structures in whichidpointing toward
the midpoint of a G-C bond of c-GHs' are transition states
(C,,) connecting two equivalent H-bound global minima. Their
dissociation energy of 923 crhcorresponds to a 3-fold barrier
of 304 cn1! to in-plane internal rotation of c<Els™. As this
barrier is much higher than the effective internal rotor constant
(bett &~ Ce—cas =~ 0.5 cnml), this hindered internal motion is
largely quenched. The-bound structure in which Napproaches
c-CGHz™ along itsCs symmetry axis is a second-order transition
state Cs,, De = 995 cnT?) 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;bound, and side-

H,CCCH'-N; dimer has an equilibrium structure close to a
prolate symmetric topAe = 9.5832 cn?, B, = 0.0356 cnt?,

Ce = 0.0355 cnT?, ke = —0.99996). As expected, the largest
effect of N, complexation is an elongation of the acetylenic
C—H bond (Are = 0.008 A), leading to a large red shift of the
corresponding strongly IR active -1 stretch frequency
(Avy = —115 cnTl) and a significant enhancement in its IR
intensity (factor 4). In addition, the in-plane and out-of-plane
bending fundamentals of the acetylenie-B bond experience

a large blue shift upon complexatioi; = +119 cnr?,
Av; =+93 cnTl), due to the additional retarding forces arising
from the intermolecular bond. The other frequencies are less
affected {(Avj| < 30 cnTl, Table 1). Experimentally, only the
H-bound HCCCH"™N; global minimum of the interaction
potential between Nand HCCCH is observed. Thus, proper-
ties of other local minima (e.g., the isomer in which binds

to one of the protons of the GHyroup,De = 1180 cn1?) are
not discussed in detail further.

In general, the weak intermolecular interaction has little
influence on the properties of the;Mgand (Figure 1, Table
1). The calculations predict for bare Bn interatomic separation
of 1.1108 A and a harmonic frequency of 2204 ¢min
H-bound HCCCH"™N,, the N-N bond becomes slightly
stronger and shorte¢. = —0.0007 A), leading to a blue shift
in the N—-N stretch frequencyAvn—n = +7 cnml). Similar
trends are observed in H-bound gHG*-N, (Are = —0.0004

A, Avy-n = +4 e b, although the effects are less pronounced
owing to the somewhat weaker interaction.

IV. Experimental Results and Discussion

Figure 3 shows the overview spectrum of thglg-N, dimer
in the range between 2970 and 3370 ¢émand an expanded
view between 3050 and 3150 cf 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 AKy; = 0) or perpendicular AK; = =+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,R( B) ~ 2A (becausd < A), are
largely different for both seriesq16.5 and~2 cnr'?, respec-
tively), indicating the presence of at least twgHg"™-N, isomers.
By comparison with the ab initio calculations, they can

bound structures can easily be distinguished from the H-bound unambiguously be assigned to the H-bound dimers of

minima by their characteristic-€H stretch frequencies (shifts,
splittings, IR intensities) and their rotational constants.

c-CgHs*-Nz (A ~ 1 cnl) and HCCCH™N, (A ~ 8.5 cnT?)
shown in Figure 1.
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c Table 3. Positions (in cm~1), Widths (fwhm, in parentheses), and
Assignments of the Q Branches of the v4(by) Transition of
H-Bound c-C3Hz*-N2 (band E)

position? Ky — K" position? Ka' —Ky"
3119.78 (0.06) 45 3129.73 (0.19) 0
3121.76 (0.10) 34 3131.69 (0.13) 2-1
3123.78 (0.07) 2-3 3135.62 (0.17) 4-3
3125.79 (0.16) 2 3137.62 (0.07) 54
3127.77 (0.06) 61 3139.56 (0.09) 6-5
3143.40 (0.09) 87

a Absolute accuracy of calibration is 0.02 thn
Kot 42024

L i 1 1 1
\ 3070 3090 3110 3130 _

/——"' v em]

required forvs(a;) and vy(by) of H-bound c-GHs™Ny. The
parallel transition at 3094 cm (band B) and the perpendicular
transition centered near 3129 tin(band E) can safely be
assigned tay(a;) andwy(by) of H-bound c-GH3™-N,, respec-
tively. The observed splitting (35 crb) and intensity ratio of
v4(b2) andvy(ag) are in qualitative agreement with the ab initio
predictions (Table 1).

Individual AK; = 0 subbands of the parallel,(a;) band
strongly overlap, leading to the appearance of a nearly sym-
metric band contour with single unresolved P, Q, and R
branches. The4(a)) band center is estimated to be close to the
band gap (3093.9 cM) and is shifted 37 cm' to the red of

1 1 1 1 1 1 1 1
3000 3050 3100 1‘3150 3200 3250 3300T 3350 v [em™]
v4(c-CaHg)Ne v4(HoCCCH*)

Figure 3. Overview of the IR photodissociation spectrum ofHz"™N

ionic complexes recorded between 2970 and 3370'cAn expanded view ; _F (indi in Fi
of the range between 3050 and 3150 is shown as well. The observedthe Ne matrix value of c-§13” (indicated by an arrow in Figure

) N . .
transitions are labeled-AH and their positions and assignments are listed 3)- T_he width of the bandQ(_S cm) is Comp_a_t'ble with _the _
in Table 2. The arrows below the wavenumber axis indicate the positions rotational constants determined by the ab initio calculations in
of the gas-phase, frequency of HCCCH? (ref 9) and thev, frequency of section Il and a rotational temperature 80 K. The latter

c-CgHz™ measured in a Ne matrix (ref 10). Thg assignments of the two . . . . . .
perpendicular transitions C and E are indicated (Tables 3 and 4). A value is consistent with the simulations of the perpendicular

simulation of transition E with the molecular parameters described in the transitions (discussed below) and typical for cluster ions
text (BM) is included for a comparison with the experimental transition. produced in this ion sourd@:*8 Closer inspection shows that

the v4(a;) band is slightly shaded to the blue, indicating that
the rotational constants increase slightly upon vibrational
excitation. This observation is expected becauge;) corre-
sponds mainly to a stretching of the-€l bond acting as the

Table 2. Positions (in cm~1), Widths (fwhm, in parentheses), and
Suggested Assignments of the Observed Transitions in the IR
Spectrum of CzHz*-N; (Figure 3)

transition position type isomer assignment
A 3001 (6) I H,CCCH™-N, 2 proton donor in the mtermolecul_ar bond. In g(_eneral, excitation
B 3093.9 (5.4) I c-CsHzt-Nj va(ay) of such proton donor stretches in H-bound dimers leads to an
c 3104.9% 0 H2CCCH"™-N, v3+ v7i10 increase of the intermolecular interaction strength, with the
E 31;3(7150) g Hzé:ﬁqr’:l"\‘z VZ(b) consequence of a shorter intermolecular bond (i.e., larger
. C-CaH3™-N2 va(02, : PP

F 3139 (4) T H,CCCH N, " rotational 8c408n4$9tants) and a red shift in the proton stretch
G 3190.5 (6) I H,CCCHt-N, v3 + vs? frequency?®4%

H 3243 (13) Il H>CCCH"-N, va+ vs? In contrast tovy(ay), individual Q branches of thaK, = +1

subbands of the perpendicule4(b,) 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 calculated| rotational
constant of H-bound c-Eis™N; (Ae = 1.0326 cnTl). More-

over, alternating Q branches display the distinct intensity
c-CsHs™N, is expected to occur with significant intensity in ~ alternation expected for two equivalent protons: the nuclear
the spectral range covered in Figuré% The v, frequency spin statistical weights are 1 (para) and 3 (ortho) for rotational
of bare C'QH3+ has not been measured in the gas phase_ levels with even and odKavalues (having A and B rotational
Measurements in a Ne matrix and in S&lution yield 3130.4 ~ Symmetry inCz,).>° On the basis of th&, assignments given

and 3138 cm?, respectively:1? As outlined in section IIl, in Table 3 and Figure 3, the Q branch positions are least-squares
symmetry reduction fronDa, to C,, causes the(€) funda- fitted to a standard Hamiltonian appropriate for a rigid near
mental of c-GHs" to split into two components in H-bound ~ Symmetric prolate top

c-CsHz™-Ny (Table 1): a perpendicular component with a small
blue shift, va(bo), and a parallel component with a larger red ;5 byt Roth, D Maier, J. B. Phys. Chem. 2000 104 11702.
shift, v4(as). Closer inspection of the IR spectrum ofHG™-N, (49) Olkhov, R. V.; Dopfer, OChem. Phys. Letfl999 314, 215.

in Figure 3 reveals two strong transitions in the corresponding (50) Herzberg, GMolecular Spectra and Molecular Structure. II. Infrared and

) ) ; Raman Spectra of Polyatomic Molecylégieger Publishing Company:
frequency range, which have the appropriate rotational structures  Malabar, FL, 1991.

aFor the perpendicular transitions C and E the fitted band onigiis
listed.

A. The v vibration of H-Bound c-C 3H3"-N,. According to
the calculations for c-@H3™-N (Table 1) and previous spectra
of c-CsH3™ in salt crystals, S@solutions, and Ne matrices, only
the strongly IR active €H stretch fundamental, of

(47) Roth, D.; Dopfer, O.; Maier, J. Phys. Chem. Chem. Phy&001, 3, 2400.
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H= v+ BJJ+ 1)+ (A— B)KaZ ) the intermolecular proton bond. For freeGCCH", the gas-
phase frequency of this mode has been derived from the zero-
Using the approximatioB' ~ B" ~ Be = (Be + C¢)/2 and taking kinetic-energy (ZEKE) photoelectron spectrum of3CCH as
the ab initio valueB. = 0.04456 cm?, the following molecular ~ v1 = 3319 cnt? (indicated by an arrow in Figure 3). As no
constants are obtaineat, = 3128.747(9) cmt, A" = 1.0365(12)  intense absorption is observed in the IR spectrumabf;C-N,
cm1, andA’ = 1.0332(9) cm. As expected, thé rotational within 80 cnt?® of this value, thev; fundamental of any
constant decreases slightly upes(b,) excitation, due to an ~ H2CCCH"-N2 isomer present in the expansion has to feature a
effective lengthening of the free-€H bonds (this normal mode  substantial complexation shifhv;. This can only occur when
corresponds mainly to the antisymmetric linear combination of the N> ligand binds to the terminal, acetylenic-€l group of
the two free C-H stretch local modes). The standard deviation H2CCCH". Consequently, the H-bound,8CCH"-N, dimer
of the fit (¢ = 0.02 cnT?) is consistent with the typical width ~ shown in Figure 1 is the only #CCH"-N, isomer present in
of the unresolved Q branches (0-08.19 cnt?). A simulation the expansion. This observation is consistent with the ab initio
of v4(lbp) using the derived molecular constants, a rotational data, which predict that this structure is the global minimum of
temperature of 30 K, and a convolution width of 0.08¢ris this dimer. According to the calculations (Table 1), the
included in Figure 3 () and shows good agreement with the Vvibration of H-bound HCCCH'-N, features a large red shift
experimental spectrum (band E). The assignment ofkhe  (—115 cnt?) and a strong enhancement in its IR intensity (factor
quantum numbers in Table 3 and Figure 3 is based on the4). Band F centered at 3139 cfin the spectrum of €43*-N>
relative Q branch intensities averaged over more than 10 (Figure 3) is the strongest transition observed in the correspond-
individual scans. Although the given assignment is strongly ing frequency range and thus assignedioof H-bound
favored, it cannot be completely ruled out that it may be shifted H:2CCCH?-N.. The observed red shift upon complexatierl.80
by two Q branches to lower energy. The main effect of such a cm™* or 5.42%) is somewhat larger than the predicted
reassignment would be a red shift in the band originb,) value 115 cm?! or 3.37%), implying that the
by ca.—4 cnm. The calculations suggest that the complexation- MP2(full)/6-311G(2df,2pd) level underestimates the interaction
induced frequency shift is less tham cnTl. Thus, using the  strength and the frequency shift. The band contour is appropriate
favored assignment for(b,), the gas-phase value of the for a parallel transition of a near-symmetric prolate top with
fundamental of bare c<El;t can be estimated as 3127 2 overlappingAK, = 0 subbands. Moreover, the band is strongly
cm L. For the alternative assignment, the estimate would be blue shaded, which is a typical signature of the excitation of a
3123+ 2 cn. Both values are compatible with the Ne matrix  proton donor stretch in H-bound dimers (as outlined earlier for
value of 3130.4+ 1 cn 110 For comparison, the best values va(&s) of c-CsHs™-Ny). Spectra of larger §Hs™-(N2)n clusters
derived from ab initio anharmonic force fields are 3178 and (n= 2—6) display significant monotonic incremental blue shifts
3149 cnrl27.28 of this transition as the cluster size increa%ed& similar
The rovibrational analysis (nuclear spin statistical weights, behavior has previously been observed for Si@N2), com-
magnitude and direction of vibrational band shifts and splittings, plexe$®and is typical for solvation of a H-bound AHL dimer
IR intensities, and rotational constants) clearly show that the with further ligands L around the linear AHL proton
H-bound global minimum of c-¢H3™-N, is the only bond#353-55 |t strongly supports the assignment of band F to
c-CsHs™-N, isomer detected in the spectrum in Figure 3. This v1 of H-bound HCCCH?"-N,. All spectral observations dis-
observation is in agreement with the calculations described in cussed for band F rule out that bands G or H can be assigned
section 1Il, which predict that the side-bound amebound to this vibration??
isomers of c-GHz"-N, are not minima on the intermolecular C. Other Vibrations of H-Bound H ,CCCH*-N,. In contrast
potential but transition states. The population of the C-bound to the bands B, E, and F, the vibrational assignments of the
local minima is below the detection limit, probably because of other transitions are less certain. As argued in section IV.A,
the low isomerization barrier toward the H-bound global they are almost certainly not due to a eHz"™N, dimer>6
minima. In addition, vibrational band shifts and splittings as Moreover, they cannot originate from any non-H-bound
well as photofragmentation branching ratios measured in the H,CCCH'-N; dimer (section IV.B). Thus, they have probably
spectra of larger ¢Hst-(No), clusters ( = 2—6) confirm the all to be attributed to the H-bound,BCCH"™-N, dimer and

assignments of bands B and E ta(a;) and wva(by) of this scenario is assumed for the following discussion.
c-CaH3"-N2.52 Moreover, these spectra show that all other bands  Band C has the rotational structure appropriate for a
observed in Figure 3 are not arising from gHz*-N, but from perpendicular transition of a near symmetric prolate top (Figure
other GHz"-N, complexes? 3). Six unresolved Q branches are observed and their averaged
B. The v, Vibration of H-Bound H,CCCH*-N,. The spacing of 2 ~ 16.5 cnt! corresponds to a@ rotational
rovibrational analysis of band C in the spectrum gHg"-N, constant 0f8.3 cn1. This transition can therefore unambigu-

(Figure 3) discussed in section IV.C gives unambiguous proof ously be attributed to the H-bound@&CCH"-N, dimer, having
of the presence of ¥£CCH" and its H-bound HCCCH"-N, only two H atoms displaced from treaxis. The calculated
dimer (Figure 1) in the expansion. According to the ab initio constant of the equilibrium structure (Figure &), = 9.5832
data (Table 1)y; is by far the strongest IR active fundamental cm?, is somewhat larger than the observed value, probably
of this dimer in the spectral range investigated. It corresponds because of the large zero-point effects of the light H atoms on
to the stretching mode of the acetylenie-8 bond adjacent to

(53

(51) Herzberg, GMolecular Spectra and Molecular Structure. Ill. Electronic (54
Spectra and Electronic Structure of Polyatomic Molecul&sieger
Publishing Company: Malabar, FL, 1991. (55

(52) Roth, D. Ph.D. Thesis, University of Basel 2001. (56

Olkhov, R. V. Ph.D. Thesis, University of Basel, 1999.

Olkhov, R. V.; Nizkorodov, S. A.; Dopfer, GChem. Phys1998 239
393.

Dopfer, O.; Olkhov, R. V.; Maier, J. B. Phys. Chem. A999 103 2982.
Roth, D.; Dopfer, O. Unpublished results, 2000.
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Xab(e 4. Ptosit]i(Ot?IS (51 ch‘l)ﬁ Widghs (f\glhén,( in paregtf:eseSJ)r, and) the 1000 cm? range. Hence, at the present stage, an assignment

ssignments o e ranches or Ban assigned to v3 V7/10, : :

of H-Bound H,CCCH*-N; gl; band C to eithers + v7(by) or v3 + v10(b) is favored (Table

positon? KK The four remaining bands (A, D, G, H) are parallel transitions,

28?8?2 (8-33) 21:3 that is the symmetry species of the upper level has toibe a
3195:9,(0(.1'3) ) 0—1 (under the assumption that they originate from the ground state
3112.48 (0.07) +0 of H-bound HCCCH"-N_). A reasonable assignment for the
3128.56 (0.06) 2-1 weak transition A at 3001 cm is to the overtone of the
3143.40 (0.09) 3-2

symmetric in-plane Cklbending vibration, 24(ay). Its funda-
a Absolute accuracy of calibration is 0.02 thP Uncertainty in position mental frequency has been measured 'as 1465 ¢on bare
is 0.5 cn! due to calibration problems. H,CCCH".% As thev, mode does not shift upon,Nomplex-

) o N ation, the assignment of band A tesa;) implies a significant
theA constant even in the ground vibrational state. The positions positive anharmonicity (& — v4 — v4 = 3001— 2 x 1465=

and widths of the observed Q branches are listed in Table 4 7¢ cnd). The weak band D at 3113 crhis attributed to the
along with their assignments. Alternating Q branches display symmetric G-H stretching vibration of the Cigroup, va(a.).
the proper intensity alternation expected from the nuclear spin The monomer transition is reported a8130 cn? (with an
statistical weights of 1 and 3 for rotational levels with even uncertainty o-10 cnt1)? and the predicted complexation shift
gnd oddK, values (i.e., Ievel_s of A and B rotational Symmetry s small (Table 1). One out of the two bands G (3190.5§m
in Cz,).%° A least-squares fit of four Q branch positions to  ang H (3243 cm?) is attributed tovs + vs(a;), a combination
Hamiltonian (1) using the ab initio valug = 0.035566 cm* tone of the two G-C stretch modes of ¥CCCH'. As mentioned
eads tovo — 13104'91(7) cm', A” = 8.499(9) cm”, andA’ = before, owing to the large IR oscillator strengthvaf combina-
8.073(9) cnt* (theKa =1 -— 0 and 01 Q branches are not  tjon pands ofvs with other modes are expected in the IR
included in the fit due to calibration difficulties and a local spectrum. On the basis of the ZEKE spectrum, the frequency
perturbation). The standard deviation of the dit€ 0.03 cnt?) of v3 + vs is estimated as 2122 1106= 3228 cn1lin free
is compatible with the typical width of the Q branches (6:06  p,cccH (neglecting cross anharmonicitigs)Taking the
0.13.ch1). .Slmulatlo.ns of the Q branch intensities are g culated I complexation shift into account(L5 cnt, Table
conS|sten_t with a rotatlonal_ tgmperaturezozuo K _ 1), vs + vs of H-bound HCCCH*-N, is expected near 3213
Assuming that band C originates frorr_1 the vibrational ground -1 iy agreement with the observed frequencies of both band
state of H-bound BCCCH'™-N, the assignment of the upper G (3190.5 cm?) and band H (3243 cm). Other options for
level has to satisfy following conditions: (i) the observation of nhase two bands are not obvious and may involve higher order
a perpendicular transition requires that the vibrational symmetry o mpination bands. Spectra of largesHz"-(N,), complexes
species of the upper level is eitherdr by; (i) the A rotational as well as other §43*-L dimers (L= Ne, Ar, O, CO,) show
constant must decrease significantly upon vibrational excitation 4t the positions of both bands are relatively insensitive to the
(the observed decrease is 5%); (iii) its IR intensity must be tyne of ligand and the degree of solvati@Moreover, the two
sufficiently large to be observed in the spectrum in Figure 3; pands are also very weakly observed in some Ne matrix spectra
and (iv) the frequency has to match 3105 ¢nAfter inspection when ions with the mass of:83" are depositef” Thus, they
of Table 1, the first obvious candidate to be considered is the cannot be attributed to combination bands of the intense
antisymmetric C-H stretch fundamental of the GHyroup,  fyndamental of HCCCH*-N, with a low-frequency intermo-
vo(bz), which fulfills criteria i—iii. Howeviar, the calculations  jecylar mode s or 1), because such transitions would be very
predict its frequency to be~100 cnt higher than the  gepgitive to solvation. Strong + ve, combination bands are
corresponding symmetric-€H stretchvx(ag). As both of them often observed in the IR spectra of H-bound dinf&&.5558
are not sensitive to Ncomplexation, the experimental value Possibly, one of the two bands G and H is due to aHC
for vo(by) of H,CCCH'-N, can be estimated as3230 cnt* stretching vibration of a §H43™-N, dimer involving the less
fror_nl ghe measured(ay) frequency of bare BCCCH" (3130 stable HCCHC' or H;CCC" core ions. Another possibility is
cm 1) and is thus too high to be res_ponS|bIe for band_C at that dimers of the type [fNH]*-N, may contribute to the
3105 cnt. As no other fundamental with,lor b, symmetry is CsHat-N, spectra, as [@NH]* ions have the same mass as
in the 3000 cm* range, combination bands are considered. The CzHs". Isomeric [GNH]* ions may be produced in the
v3(ar) mode of HCCCH? correspondfgtclJOthe_ acetylenic-C ion source via iormolecule reaction chemistry of the
stretch with a frequency #2100 em” This mode has by 1y, cCCHy/N,/Ar mixture, owing to the large Nconcentration.
far the largest IR oscillator strengf?and complexation with  powever, this scenario is unlikely because the two bands G
N2 enhances its intensity by 50% (Table 1). Thus, combination ang H occur also with similar relative intensities in the IR spectra
bands ofvs(ay) with other vibrations having a frequency of ¢ c.H.+-| dimers with L= N, and in the Ne matrix spectrum
~ 1 i . . . .
~1000 cm® may be expected in the 3100 cirange. of CaHz*, where N could occur only as impurity in the ion
According to this scenario, the most probable candidates for ¢ ;rce.
band C are the combination bandst v7(by) andvs + vio(bz). In addition to bands AH discussed so far, two further
The v7(b,) mode is the out-of-plane bending vibration of the  {ransitions are observed in the IR spectrum @HE-N,. A
acetylenic C-H bond: its frequency has been estimated for free gjngle Q branch at 3126.91 cf (width 0.06 cnm?) in the

H2CCCH" as 910 cm*and th? calgulations predict a blue shift vicinity of band E (indicated by an asterisk in Figure 3) cannot
of ~90 cnm ! upon complexation with p(Table 1). Therio(by)

[ ; ; (57) Wyss, M. Ph.D. Thesis, University of Basel, 2001.
mode (Ch in-plane bending mode) with a calculated frequency 2gf 5ot ‘S - Gikhov, R. V.; Roth, D.; Maier, 3. Ehem. Phys. LetL998

of 1050 cnt?! is the only other vibration with b symmetry in 296, 585.

500 J. AM. CHEM. SOC. = VOL. 124, NO. 3, 2002



Infrared Spectra of CsHs™-N, Dimers ARTICLES

be assigned to any of the perpendicular transitions describedof this crude model, the number density of g-iz" is estimated
above. Depending on the assignment of band C to eitherto be about twice that of #£CCH'. As mentioned in section
v3 + v7 Or vz + vy of H-bound HCCCH?"-N,, this Q branch II, the IR spectra are nearly independent of using allene,
may be attributed to the other alternative. The second band propyne, 3-chloro-1-propyne, or benzene as precursor. Previous
occurs near 6174 cm and is a parallel transition (width 6 reactivity studies have shown that electron impact ionization
cm™Y). It is only observed in scans where, in addition to the of propyne forms a mixture of the twosBs" isomers in the
idler output of the OPO (25084500 cnt?), radiation of the ratio of ~60% c-GHs" and ~40% H,CCCH",% in excellent
signal output (49086800 cn1!) could interact with the agreement with the present experiments with allene.
C3Hs™-N; ion beam. It is probably arising from a - E. Comparison to Other AH"-N, Complexes.The attractive
stretching overtone of either ACCH"™N, or c-GHz"-No,. long-range part of the intermolecular interaction in weakly
Clearly, a definitive assignment of the bands other than B, E, bound AH-N, dimers is dominated by the electrostatic and
and F requires further spectroscopic studies (in particular usinginductive interactions between the positive charge distribution
isotopic substitution) and/or higher level theoretical data. in AH* and the negative quadrupole moment and the anisotropic
D. Structure and Abundance of c-GHs™ and H,CCCH™. polarizability of Nbo. The anisotropy of the charge-quadrupole
In this section, some conclusions about the properties of and charge-induced dipole interactions favors for a positive point
H,CCCH" and c-GHs+ are derived from the rovibrational ~charge, a negative quadrupole moment, and a rodlike molecule
spectra of their B dimers. As both HCCCH* and c-GHs* with ay; > ag a linear configuration over a T-shaped 6fié°
have not been characterized by spectroscopy at the level oflndeed, IR spectroscopy and quantum chemical calculations have
rotational resolution, the dimer spectra in Figure 3 provide the 'evealed (nearly) linear intermolecular—d*--N—N proton
first experimental structural information for these important Ponds for a variety of AH-N; dimers (e.g., A= SIO* N,,%
hydrocarbon cations in the gas phase. Ahetational constants ~ CsHsO*). - The situation is  similar for the H-bound
and nuclear spin statistical weights derived from the rovibra- H2CCCH™-Nz and c-GH3"-N; dimers characterized in the

tional analysis of the bands assigned tgCBCH'-N, and present work. _ _ o
¢c-CsHs*-N2 unambiguously show that both complexes h@ye To elucidate the nature of the intermolecular interaction in
symmetry (Figure 1) with two equivalent H atoms and linear POth GHs™-N2 dimers in more detail, charge distributions are
intermolecular—C—H--*N—N bonds. The large observedl calculated by using the atoms-in-molecules (AIM) analy3is.
constant of HCCCH'-N, (A" ~ 8.5 cnT?) implies that only In c-CsHs™ almost the whole positive charge is localized on

the two H atoms of the Cigroup are displaced from ttaeaxis the three protonsgly = 0.27 €,qc = 0.06 e) leading to the
of the complex. This observation provides the first experimental H-bound global minima of c-gH5™-N, with a dissociation
proof for the planaiC,, structure of the KCCCH' monomer ~ €nergy ofDe = 1227 cni. In H,CCCH? the partial charge on
with a linear G-C—C—H backbone (Figure 1). The only the acetylenic protong; = 0.32 e) is significantly larger thfin
previous and tentative spectroscopic evidence for such athat on the CH protons @4 = 0.22 e). Hence, in
H,CCCH" structure comes from the vibrational analysis of the H2CCCH™-N the No ligand prefers binding to the acetylenic
low-resolution ZEKE spectrum of #£CCH? Previous high- ~ C_H proton O = 1373 cm) over the CH protons De =
level ab initio calculations also predict @, geometry for 1180 cm). The binding in H-bound c-gHs"-N; is slightly
H,CCCH? (in excellent agreement with the geometry in Figure weaker than that in H-bound,8CCH"-N,, consistent with the

1)3 The calculations show thatomplexation has practically smaller positive charge on the proton involved in the intermo-
no influence on theA rotational constant:A. = 9.5832 and lecular bond. For both dimers, charge transfer frogtdNthe

9.5797 cmit for H,CCCH™-N, and HCCCH' (i.e., AAs = CsHst ion is calculated to be less than 0.02 e at the equilibrium
0.0035 cm? or 0.04%). Hence, the ground-state value derived geometry, implying that the contributions of charge transfer and

for H,CCCH'-N, (A" = 8.499 cnm?) should be very close to covalent bonding to the interaction are negligible.
the one for free WCCCH*. Similarly, the spectrum of Comparison between cs8s"-Nz and GHg'-N reveals the

¢-CsH3*-N; strongly supports the planBe, symmetric structure changes in the topology of the intermolecular interaction
of free c-GHs* predicted by ab initio calculations and the potential between aromatic hydrocarbon cations and inert ligands

analysis of low-resolution IR and Raman spectra obEHEX - (such as M) as the size of the aromatic core ion increases. In
in the condensed pha$dhe calculations yield\s = 1.0326 c-C3Hs", a large positive partial charge localized on each single

and 1.0306 cm for c-CsH3™-N; and c-GHs™ (AAe = 0.002 proton causes st_rong glectrostatic and inductivg attrgctions in
cm or 0.2%), so that the ground-state value of $46-Ny, the H-bound configurations. On the other hand, dlfpgrswe forces
A" = 1.0365 cm, provides a good estimate for the corre- between the twar electrons of the aromatic cs83™ ring ar_1d
sponding c-GHs* value. N, are small. Hence, the H-bound geometry ijHg-N? is

) . . . more stable than the-bound structure. In the larger8s" ion,

The relative band mtinsmes observed in the IR spgctra of the positive charge on each of the six protons is much smaller
HZCCCW'NZ and ¢-GH3™-N; can be used to rougtlly'estlmate compared to c-gHs™, whereas the six electrons give rise to
the relative abundance O,f ZHC(,:W and C'Q?HS, in the. larger dispersion forces. Indeed, IR spectra gHg&-N, are
aIIene/I\Jg/Ar.pIas.ma expansion using .the folllowmg information consistent with az-bound equilibrium  structur& which is
and ap+prOX|mat|ons. The observgd |nten§|ty ratio’4fy) Of, apparently more stable than the H-bound configuration. Hence,
€-CsHs™-No aqdvl of HZC_CCW'NZ is ~2 (Figure 3). The. ratio o general rule of thumb for the interaction between aromatic
of the theoretical IR oscillator strengths of both bands is nearly
unity (0.75, Table 1). The probability of forming,domplexes (59) Olkhov, R. V.; Nizkorodov, S. A.; Dopfer, @. Chem. Phys1997, 107,
is assumed to be roughly the same for bog§ monomers 8229

L. ) o 3 . (60) Verdés, D.; Linnartz, H.; Maier, J. P.; Botschwina, P.; Oswald, R.; Rosmus,
due to their similar theoretical association energies. On the basis  P.; Knowles, P. JJ. Chem. Phys1999 111, 8400.
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hydrocarbon cations and inert neutral ligands may be derived
from the comparison between gidz"-N, and GHg™-Ny: the
larger the aromatic ion, the larger the number of polarizable

H,CCCH"-N; interaction De = 1227 vs 1373 cm), consistent
with the higher PA of c-gH, compared to HCCC (934 vs 905
kJ/mol)18

electrons leading to stronger dispersion forces, and the more

delocalized the positive charge leading to weaker electrostatic

and induction forces. Thug-bound structures gain in stability

V. Concluding Remarks

Isomeric GH3"-N, dimers have been characterized for the

compared to H-bound structures as the size of the aromatic ionfjrst time by spectroscopic and quantum chemical methods. The

increases.

rovibrational analysis of the IR spectra ofHz"-N, dimers

Experimental and theoretical studies established that thereveals the presence of two isomers vith symmetry, namely

strength of the intermolecular interaction in H-bound AB
dimers is related to the difference in the proton affinities (PA)
of the bases A and B4%61Considering AH-N, dimers with
PA(A) > PA(N,) = 494 kJ/moF? the interaction is stronger
for bases with lower PA(A). Complexation with,Nauses a
flattening of the potential for the AH stretch motion{a—n =

v1), leading to a red shift in its frequenéyThe magnitude of
the red shift is correlated to the interaction strength and thus to
PA(A).384 For example, the PA of }CCC is similar to the
PA of CgHsO (905 vs 873 kJ/molg63leading to comparable
binding energies and red shifts of thevibrations in H-bound
H,CCCH"™N, (5.4%) and GHsOH™-N, (4.8%), respectively.
In contrast, the SIOHN, dimer features a much largei red
shift (14.1%)%° due to the stronger intermolecular bond arising
from the much lower PA of SiO (778 kJ/mdB.The intermo-
lecular c-GH3"™-N, bond is calculated to be weaker than the

(61) Meot-Ner, M.J. Am. Chem. S0d.984 106, 1257.

(62) Hunter, E. P. L.; Lias, S. Gl. Phys. Chem. Ref. Date998§ 27, 413.

(63) Kim, H.; Green, R. J.; Qian, J.; Anderson, SJLChem. Phys200Q 112,
5717.

(64) Huber, K. P.; Herzberg, ®4olecular spectra and molecular structure V.
Constants of diatomic moleculesn Nostrand Reinhold: New York, 1979.
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the H-bound HCCCH™N, and c-GHs™-N, 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-CHzt and HCCCH' monomer ions in the gas phase. The
H,CCCH?" ion is shown to have a plan&s, symmetric structure
with a linear C-C—C—H" backbone and ard rotational
constant ofA” ~ 8.500 cnt?. The planar c-gHs™ ion has almost
certainly a structure wittDg, symmetry with anA rotational
constant ofA” ~ 1.035 cnTl. The frequency of the strongly

IR activev(€) mode of c-GH3™ is estimated as 3125 4 cntL.
These results may be useful for the spectroscopic identification
of these fundamental hydrocarbon cations in combustion
processes or interstellar media.
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