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Intermolecular interaction in the CH 3
1 – He ionic complex revealed

by ab initio calculations and infrared photodissociation spectroscopy
Rouslan V. Olkhov, Sergey A. Nizkorodov,a) and Otto Dopferb)

Institut für Physikalische Chemie, Universita¨t Basel, Klingelbergstrasse 80, CH-4056 Basel, Switzerland

~Received 15 January 1999; accepted 23 February 1999!

The infrared photodissociation spectrum of the degenerate asymmetric CH stretch (n3) vibration of
the CH3

1–He ionic complex has been recorded. The rotational structure and vibrational frequency of
the observed transition are consistent with ap-bondedC3v cluster geometry where the He ligand is
attached to the 2pz orbital of the central C atom of CH3

1 . The intermolecular bond in the ground
vibrational state is characterized by an averaged intermolecular separation ofRcm52.18 Å. The
origin of then3 vibration of the complex is slightly blue shifted~7 cm21! compared to the monomer
frequency, indicating that vibrational excitation is accompanied by a slight destabilization of the
intermolecular bond.Ab initio calculations at the MP2/aug-cc-pVTZ# level of theory confirm that
the p-bonded configuration corresponds to the global minimum structure of the complex~De

5707 cm21, Re51.834 Å!. The calculated intermolecular potential energy surface of this
‘‘disk-and-ball’’ ionic complex reveals substantial angular-radial couplings in the region of the
global minimum, which account for the large discrepancy between vibrationally averaged and
calculated equilibrium intermolecular separations,Rcm2Re50.35 Å. © 1999 American Institute
of Physics.@S0021-9606~99!02319-3#
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I. INTRODUCTION

Intermolecular interactions in ionic complexes bridge t
gap between weak van der Waals forces acting in neu
clusters and strong chemical bonds of molecular species.
spite their importance in many areas of physical chemis
~e.g., ion–molecule reactions, plasma physics, solva
processes!1–3 and biology ~e.g., structure of biomolecules
transmembrane ion transport!,4 ion-neutral interactions are
spectroscopically not well characterized,5,6 mainly owing to
the difficulties involved in the production of high numb
densities of charged complexes. Recent progress in the
velopment of sensitive experimental approaches that c
bine mass spectrometric with high resolution spectrosco
techniques can overcome this problem.7–9 Our laboratory uti-
lizes infrared photodissociation spectroscopy in a tand
mass spectrometer to study the intermolecular interactio
small ionic dimers. In addition, the microsolvation of ion
has been investigated by monitoring the properties of s
selected clusters as a function of the surrounding neu
ligands.10–13

Rare gas~Rg! atoms have often been used as a structu
less probe of the intermolecular interaction in ion-liga
complexes. Most of the previously studied ionic complex
are proton-bound dimers of the type A–H1–Rg, where two
bases A and Rg are held together by a linear pro
bond.10,13–18Thermochemical and mass spectrometric st
ies demonstrated that the interaction strength in such dim
is correlated with the difference in the proton affinities~PA!
of the two bases,19,20 a conclusion that was confirmed b

a!Present address: JILA, University of Colorado, Boulder, Colorado 803
0440.

b!Author to whom correspondence should be addressed.
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spectroscopic andab initio studies.13,21 In cases, where the
PA of A is much higher than that of the Rg atom, th
A–H1–Rg complex can be viewed as an AH1 molecular ion
that is only weakly perturbed by the Rg ligand. Increasi
the PA of A destabilizes the linear proton bond and oth
bonding sites around the AH1 ion may become energeticall
more favorable for the Rg atom.12,13 For example, a recen
combined spectroscopic and theoretical study on CH3

1–Arn

complexes (n51 – 8) revealed that, owing to the high PA o
CH2, the proton-bound planar structure of the CH3

1–Ar
dimer is significantly less stable than the ‘‘p-bound’’ con-
figuration, where the Ar atom is attached to the 2pz orbital of
the carbon atom~C3v symmetry! and therefore closer to th
center of the positive charge distribution.12 Ab initio calcula-
tions indicated that the high binding energy of thisp-bound
structure~'0.5 eV! is partly due to a partial charge transf
from Ar into the vacant electrophilic 2pz orbital of
carbon.12,22 The formation of this strong charge-transf
bond is accompanied by a massive deformation of the C3

1

geometry; it changes from a planarD3h structure in the free
ion towards a pyramidalC3v configuration in the complex
~/Ar–C–H'100°!.12,23

Complexes composed of CH3
1 and neutral ligands X are

stabilized intermediates of ion–molecule reactions with r
evance to astrophysics, organic chemistry, and biology.24–29

Hence, the characterization of the interaction in CH3
1–X

complexes provides valuable insights into the reactivity
this fundamental carbocation. In the present work the inf
red spectrum of the CH3

1–He complex has been recorded
the vicinity of the asymmetric C–H stretch vibration of th
free CH3

1 ion (n353108.4 cm21).30 In addition, quantum
chemical calculations have been conducted to characte
the intermolecular potential energy surface of this ionic co

-

7 © 1999 American Institute of Physics
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plex. The comparison between CH3
1–He and the previously

studied CH3
1–Ar dimer provides useful information on how

certain spectroscopic and dynamical properties of the in
action in CH3

1–Rg complexes depend on the intermolecu
bond strength. These include the relative stability ofp-bound
vs proton-bound structures, the amount of transferred cha
and the influence of the Rg ligand on the CH3

1 monomer.
Another interesting aspect of the CH3

1–He dimer inves-
tigated in this work concerns the angular anisotropy of
intermolecular interaction potential. Thisp-bound complex
may be considered as a prototype of a weakly-bound io
‘‘disk-and-ball’’ system, similar to the neutral C6H6–Rg
~Refs. 31 and 32! or SO3–Rg dimers.33 The topology of the
intermolecular potential energy surface of such complexe
expected to be different from those of linear ‘‘rod-and-ba
@e.g., N2H

1–He,34,35 OCH1–He,36 or Ar-HCN ~Ref. 37!#
and ‘‘ball-and-ball’’ complexes@e.g., NH4

1–He ~Ref. 38! or
Ar-HF ~Refs. 39 and 40!#. For ball-and-ball systems the op
timal intermolecular separation does not strongly depend
the relative orientation of the complex’s constituents~though
the interaction strength may do!. On the other hand, in rod
and-ball and disk-and-ball dimers the optimal intermolecu
bond length features usually a strong angular depende
The main difference between these two categories is tha
disk-and-ball dimers the optimal separation increases as
ligand is tilted away from the equilibrium position, where
linear rod-and-ball complexes display the opposite behav
The dependence of the optimal intermolecular separation
the intermolecular angular coordinates is usually referred
as angular-radial coupling.40 This phenomenon can have a
important influence on the rotational constants of weak
bound complexes, as they are vibrationally averag
quantities.40,41 The present work examines the spectrosco
consequences of the disk-and-ball signatures of the CH3

1–He
intermolecular potential.

A further topic investigated in the present study de
with the magnitude of the angular anisotropy of intermole
lar potentials in ionic He-containing complexes. The anis
ropy can vary drastically from complex to complex and
correlations with the intermolecular bond strength and mo
mer structure have not been explored in detail. For exam
the intermolecular interaction in linear proton-bound dim
of the form AH1–He appears to be very directional@e.g.,
OH1–He ~Refs. 18, 42! or N2H

1–He ~Refs. 34, 35!# with
large barriers for internal rotation and relatively small ze
point angular excursions. On the other hand, the interac
potential in NH4

1–He is more isotropic, with almost no ba
rier for internal rotation.38 The planar CH3

1 ion constitutes an
intermediate case between linear and tetrahedral ionic co
and the presented spectrum of the CH3

1–He complex, to-
gether with theab initio calculations, provides valuable in
formation about the magnitude of the angular anisotropy
its prototype disk-and-ball interaction potential.

II. EXPERIMENT

The IR photodissociation spectrum of the CH3
1–He com-

plex has been recorded in a tandem mass spectrometer
ratus described in detail elsewhere.10,43 The cluster ion
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source comprises a pulsed supersonic expansion whic
crossed by two electron beams close to the nozzle orifi
The employed gas mixture contained CH4, H2 , and He in a
ratio of approximately 1:1:1100 at a stagnation pressure
bar. Electron impact ionization of the gas mixture is fo
lowed by ion–molecule and clustering reactions to form c
ionic complexes. Part of the plasma was extracted throug
skimmer into a quadrupole mass spectrometer~QMS! which
was tuned to the mass of CH3

1–He ~19 u!. The mass-selected
CH3

1–He beam was injected into an octopole ion gui
where it was overlapped in space and time with the IR la
pulse. Excitation into metastable rovibrational levels abo
the lowest dissociation threshold caused the fragmentatio
the CH3

1–He complexes into CH3
1 ions and He atoms. A

second QMS served as a filter for the produced CH3
1 frag-

ment ions~15 u!, which were subsequently detected by
Daly-type ion detector. Photofragmentation spectra were
corded by measuring the fragment ion current as a func
of the laser frequency.

Tunable IR radiation was produced by an optical pa
metric oscillator~OPO! based laser system. The calibratio
of the laser frequency was accomplished by simultaneou
recording etalon markers of the oscillator of the OPO a
optoacoustic spectra of NH3.44 The absolute accuracy of th
calibration is limited to approximately 0.01 cm21 by the laser
bandwidth ~0.02 cm21! and the uncertainty of the kineti
energy of the parent ions in the octopole region. For furt
details of the experimental procedure, the reader is refe
to the recent study of CH3

1–Arn .12

III. AB INITIO CALCULATIONS

Ab initio calculations have been performed for CH3
1 and

CH3
1–He to determine the salient attributes of the interm

lecular bond, as well as the influence of the He ligand on
intramolecular properties of the CH3

1 ion. The calculations
serve not only as a basis for comparison with available
perimental data, but also provide information on the inter
tion potential not probed experimentally~e.g., potential bar-
riers, structure, and stability of isomeric structures!. In
addition to CH3

1–He, the N2H
1–He complex has been stud

ied at the same level of theory to investigate the difference
the topology of the intermolecular interaction potentials a
ing in ionic complexes withp-bound and proton-bound equ
librium structures.

Most of the calculations were performed at the MP
level of theory using theGAUSSIAN 94 program package.45

The employed basis set, abbreviated as aug-cc-pVTZ# in the
present work, was composed of Ahlrichs VTZ basis fun
tions for the core electrons, augmented with diffuse and
larization functions taken from the aug-cc-pVTZ basis se46

The contraction scheme can be described as follo
(11s7p3d2 f )→@7s4p3d2 f # for C and N, and (6s3p2d)
→@4s3p2d# for H and He. If not stated otherwise, all coo
dinates were allowed to relax during the search for station
points. For the determination of the intermolecular w
depths,De , the calculated interaction energies were c
rected for basis set superposition error~BSSE!.47 The ener-
gies derived in this way (E1) were further corrected for the
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relaxation energy (E2) caused by the complexation-induce
deformation of the CH3

1 unit.48 The results of the calcula
tions are summarized in Figs. 1–4 and Tables I and II. H
monic vibrational frequencies were scaled by a factor 0.9
to bring the calculatedn3 frequency of CH3

1 in agreement
with the experimental value (n353108.4 cm21).30 As the
CH3

1 vibrational modes are only slightly modified upon H
complexation, the employed nomenclature for the comple
normal modes refers to the four intramolecular modes
CH3

1 (n1–n4) and the intermolecular stretching and bendi
vibrations~ns andnb!.

The calculated equilibrium geometry of CH3
1 corre-

sponds to a planar structure withD3h symmetry@Fig. 1~a!#.
Both the C–H bond length (r e) and the scaled vibrationa
frequencies (n1–n4), show satisfying agreement with avai
able experimental data30,49,50~Table I! and the results of pre
vious calculations,51,52 suggesting that the chosen level
theory is sufficient for the description of the monomer pro
erties.

Similar to the CH3
1–Ar dimer, thep-bound configura-

tion of CH3
1–He corresponds to the global minimum stru

ture of the complex@Fig. 1~b!, Table II#. The intermolecular
bond is characterized byRe51.834 Å andDe5707 cm21.
The CH3

1 unit experiences modest geometry changes u

FIG. 1. Calculated structures of CH3
1 ~a, D3h! and CH3

1–He ~b–d!. The
p-bound structure of the dimer corresponds to the global minimum~b, C3v!,
the vertex-bound planar structure is a local minimum~c, C2v! and the side-
bound geometry represents a saddle point~d, C2v!.
r-
7

’s
f

-

n

complexation, as is evidenced by the deformation energy
E2555 cm21. The ion becomes slightly nonplanar (ue

591.4°) and the C–H bonds contract somewhat (Dr e

520.0015 Å) leading to a small increase in the C–
stretching frequencies~Dn1512.5 cm21, Dn3513.2 cm21!.
According to the Mulliken population analysis, which gav
similar results as the less basis set dependent atom
molecules ~AIM ! analysis,53,54 there is only little charge
transfer from He to CH3

1 involved in the bond formation
(DQ'0.03– 0.04e), implying that induction forces domi-
nate the attractive part of the intermolecular potential. Thi
in contrast to CH3

1–Ar where substantial charge transf
(DQ'0.3e) contributes to the stabilization of thep-bonded
configuration.12

To investigate the influence of He complexation on t
CH3

1 monomer, several properties of the complex have b
calculated for different intermolecular separationsR, with the
He atom approaching the CH3

1 ion along theC3 axis. Figure
2 shows theR dependencies of the CH3

1 structure (r e ,ue),
the transferred charge (DQ), and the interaction and relax
ation energies~V and E2!. Comparison of these plots with
the corresponding data for CH3

1–Ar reveals that, though the
dependencies are qualitatively similar for both complex

FIG. 2. Various properties of the CH3
1–He complex (C3v) as a function of

the intermolecular separationR, calculated at the MP2/aug-cc-pVTZ# level
of theory; ~a! Due5ue290°; ~b! Dr e5r e

complex2r e
monomer; ~c! transferred

chargeDQ from He to CH3
1 according to Mulliken and AIM population

analysis; ~d! intermolecular potential energy (V) and relaxation energy
(E2).
n-

.3
TABLE I. Calculated CH bond length (r e) and scaled harmonic frequencies of CH3
1 (D3h) compared to

available experimental values. IR intensities~in km/mol! and vibrational symmetry species are given in pare
theses.

Level
r e

~Å!
Be

~cm21!
Ce

~cm21!
n1

~cm21!
n2

~cm21!
n3

~cm21!
n4

~cm21!

MP2/aug-cc-VTZ# 1.0844 9.482 899 4.741 450 2917.9 1360.2 3108.4 1365
(a18/0.0) (a29/7) (e8/148) (e8/34)

expt ;1.087a 1380620b 3108.4a

aReference 30.
bReference 49.
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TABLE II. Structure, rotational constants, energetics, and scaled harmonic frequencies of several CH3
1–He

isomers@Figs. 1~b!–~d!# calculated at the MP2/aug-cc-pVTZ# level. IR intensities~in km/mol! and vibrational
symmetry species are given in parentheses.

Structure
r e (r 1e /r 2e)

~Å!
Re

~Å!
ue /we Ae

~cm21!
Be

~cm21!
Ce

~cm21!
E1

~cm21!
E2

~cm21!
De

~cm21!

p-bound
(C3v)

1.0829 1.8337 91.4° 4.757 86 1.352 609 1.352 609 761.6 54.5 70

vertex-bound
(C2v)

1.0846/1.0844 3.3650 119.9° 9.487 73 0.448 727 0.428 462 112.8,0.1 112.8

side-bound
(C2v)

1.0844/1.0843 3.1269 119.9° 9.494 56 0.515 856 0.489 273 108.6,0.1 108.6

Structure
n1

~cm21!
n2

~cm21!
n3

~cm21!
n4

~cm21!
ns

~cm21!
nb

~cm21!

p-bound
(C3v)

2930.4
(a1/0.4)

1337.4
(a1/2)

3121.6
(e/140)

1361.2
(e/33)

193.2
(a1/51)

569.6
(e/3)

vertex-bound
(C2v)

2916.4
(a1/0.4)

1361.2
(b1/7)

3105.4
(a1/87)
3108.4
(b2/73)

1367.3
(a1/16)
1366.1
(b2/16)

84.6
(a1/17)

68.5
(b1/0.5)

27.6
(b2/1)

side-bound
(C2v)

2918.4
(a1/0.0)

1360.1
(b1/7)

3109.1
(a1/74)
3109.4
(b2/72)

1363.2
(a1/19)
1364.3
(b2/18)

73.7
(a1/16)

i47.9
(b1/0.7)

18.8
(b2/2)
t
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they are much more pronounced for CH3
1–Ar due to the

significantly stronger intermolecular interaction.12

Two further stationary points on the CH3
1–He intermo-

lecular potential energy surface have been investigated;
vertex-bound local minimum@Fig. 1~c!# and the side-bound
transition state@Fig. 1~d!#. Both planar geometries haveC2v
symmetry and feature much weaker and longer intermole
lar bonds compared to the global minimum~Table II!. The
changes in the CH3

1 properties induced by the He comple
ation are therefore very small for these planar structures.
difference in the binding energies of thep-bound and planar
geometries indicate that the barrier for internal rotation of
CH3

1 unit within the complex is of the order of 600 cm21.
The resulting large angular anisotropy of the intermolecu
potential keeps the He atom localized in thep-bound region
near the 2pz orbital of the C atom. The high intermolecula
bending frequency of thep-bonded equilibrium structure
nb5570 cm21, is a further signature for the steep rise in t
intermolecular potential along the angular coordinates. O
dimensional hindered rotor simulations indicated that a b
rier of 600 cm21 for the internal rotation of the CH3

1 unit
around itsa ~or b! axis causes only small tunneling splitting
~,0.0005 cm21!. On the other hand, both planar H-bond
structures have very similar binding energies and lo
frequency in-plane bending modes~nb528 and 19 cm21,
Table II!, indicating that the He atom experiences almost
barrier when moving in the molecular plane along the mi
mum energy path around the CH3

1 ion. In general, the topol-
ogy of the CH3

1–He intermolecular potential energy surfa
is similar to that of CH3

1–Ar, with the major difference be
ing that the interaction in the latter complex is roughly o
order of magnitude stronger.12

Selected parts of the three-dimensional intermolecu
potential energy surface of CH3

1–He were studied in more
he

u-

he

e

r

e-
r-

-

o
-

r

detail. In these calculations the structure of the CH3
1 mono-

mer was kept rigid ~rigid monomer approximation,r e

51.0844 Å!. Interaction energies were calculated for a g
of intermolecular coordinatesR andg, whereg measures the
deviation of the He–C–Hangle from 90° andR the intermo-
lecular He–C separation~Fig. 3!. For each angle~g50°,
65°, 610°, 620°, 645°, 667.5°,690°!, the energies of at
least 10 radial points~spaced by 0.1 Å! were least-square
fitted to an analytical function, consisting of~i! an exponen-
tial term exp(2aR) describing the exchange repulsion a
~ii ! a b/R4 term representing the attractive charge-induc
dipole interaction.55 Minimum energies (Dmin) and the cor-
responding separations (Rmin) of these one-dimensional ra

FIG. 3. Selected properties of the intermolecular potential energy surfac
the CH3

1–He and N2H
1–He complexes calculated at th

MP2/aug-cc-pVTZ# level of theory~rigid monomer approximation!. Plotted
are the potential energy depths (Dmin) and minimal energy separation
(Rmin) of the one-dimensional radial cuts through the intermolecular pot
tial energy surfaces as a function of the bending angleg.
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dial cuts through the three-dimensional intermolecular pot
tial energy surface are plotted in Fig. 3 as a function ofg. In
the vicinity of thep-bound global minimum~g50°! the po-
tential is quite steep along the bending coordinate@Fig. 3~a!#
and features strong coupling between radial and angula
termolecular coordinates@Fig. 3~b!#. Already small angular
elongations lead to a significant increase inRmin and a de-
crease in the interaction strengthDmin . The massive angula
anisotropy is in accordance with the large calculated in
molecular bending frequency (nb5570 cm21), which ex-
ceeds by far the one of the intermolecular stretching m
(ns5193 cm21). Moreover, the plots are only slightly asym
metric with respect tog, indicating that the intermolecula
potential is relatively independent of the azimuthal angle~g
590° and290° correspond to the vertex-bound and sid
bound structures, see Fig. 1!.

The N2H
1–He intermolecular potential energy surfa

has been explored with the same methods and the result
compared in Fig. 3 with the corresponding CH3

1–He data.55

The monomer geometry was fixed atr NN51.1058 Å and
r NH51.0331 Å and radial points were calculated forg50°,
22.5°, 45°, 67.5°, and 90°~the N2H

1–He potential is sym-
metric ing!. Similar to the CH3

1–He complex, the surface o
N2H

1–He features a pronounced minimum atg50°, in
agreement with previous spectroscopic data34 and ab initio
calculations.35 However, the minimum is less steep for elo
gations along the bending coordinate@Fig. 3~a!# and theRmin

dependence ong is much smaller than in the case
CH3

1–He @Fig. 3~b!#.
To visualize the effect of the rigid monomer approxim

tion on the shape of the intermolecular potential, the rad
potential obtained forg50° by relaxing the monomer coor
dinatesr and u is compared with the corresponding rig
monomer cut in Fig. 4. As expected, the main differences
observed in the short range part of the potential functi
where the relaxation of the CH3

1 internal coordinates leads t
a substantial additional stabilization. However, the effects
De andRe are less pronounced~De5709 vs 676 cm21 and
Re51.86 vs 1.93 Å for relaxed vs rigid monomer potentia!.
The minimum of the relaxed surface features a sligh
longer bond than that obtained by the gradient optimizat
method ~De5707 cm21, Re51.83 Å, Table II!, as the
former corresponds to the minimum on the BSSE correc
surface while the latter one is that on the uncorrec

FIG. 4. One-dimensional radial cuts through the CH3
1–He intermolecular

potential energy surface along theC3v symmetry axis for fixed and relaxed
CH3

1 internal coordinates. Monomer relaxation leads to a slightly stron
and shorter intermolecular bond.
n-

n-

r-

e

-

are

l

re
,

n

y
n

d
d

surface.48,56 The effects of monomer relaxation onDmin and
Rmin decrease asugu increases, because the intermolecu
interaction becomes weaker. As relaxation of the inter
monomer coordinates during complex formation gives rise
an additional contribution to the binding energy of up to'50
cm21 ~7%!, future efforts to explore the properties of th
intermolecular interaction in CH3

1–He in a more quantitative
way will require a potential energy surface that takes mo
mer relaxation into account.

To test whether the MP2/aug-cc-pVTZ# level of theory
is sufficient for a reliable description of the interaction in t
CH3

1–He complex, minima on the rigid monomer surfa
have also been calculated at the MP4/aug-cc-pVTZ# ~r e

51.0877 Å, Re51.8897 Å, De5727 cm21! and MP2/aug-
cc-pVQZ ~r e51.0827 Å, Re51.8939 Å, De5712 cm21!
levels of theory. Comparison with the corresponding resu
obtained at the MP2/aug-cc-pVTZ# level ~r e51.0844 Å, Re

51.9049 Å, De5675 cm21! indicates that increasing eithe
the basis set size or the level of theory for the treatmen
electron correlation leads only to a modest increase in
calculated interaction energy. These observations sug
that the MP2/aug-cc-pVTZ# level is adequate for a nea
quantitative determination of the intermolecular potential e
ergy surface of the CH3

1–He complex.

IV. EXPERIMENTAL RESULTS

The mid-infrared photodissociation spectrum of t
CH3

1–He complex has been recorded between 3080
3170 cm21 to search for the strong IR activen3 fundamental
and within the scanned range only one intense transition
been found~Fig. 5!. Both the vibrational frequency~'3115
cm21! and the rotational structure of the observed transit
are consistent with an assignment to then3 fundamental of a
p-bound CH3

1–He complex.
The rotational structure of the observed band is char

teristic of a perpendicular transition of a prolate symmet
top, with Q branches of adjacentDK561 subbands space
by approximately 2@A(12j3)2B)]'6.5 cm21. Neighbor-
ing subbands are heavily overlapping, as theB rotational
constant~'1 cm21! is only about 4–5 times smaller thanA
and rotational cooling is not complete (Trot'30 K). The as-
signment of theJ andK rotational quantum numbers to th
energy levels involved in the observed transitions were ba
on the relative intensities of the unresolvedQ branches~rQ0

being the most intense! and missingP and R branch lines
involving levels withJ,K. In total, 68 rotational line posi-
tions, ranging fromK50 to 5 andJ50 to 9,55 were least-
squares fitted to a standard semirigid symmetric top Ham
tonian, including the first order Coriolis coupling term fo
the twofold degenerate upper vibrational level~l 50 for v3

50, l 561 for v351!,57

E~J,K !5n01BJ~J11!1~A2B!K22DJJ
2~J11!2

2DJKJ~J11!K22DKK422j lAK.

Table III summarizes the obtained molecular constants
the ground andn3 vibrational states. The standard deviatio

r



n
d

ive

ble

b-
ue
b-

:1
,

nd

In
ible
in-

den-

he
ed
-

rgy

-

de-
the

an

m
pa-
t
unt

tion
ecu-

nd
in-

nd
ond

tra
th
.
th

tio
s

re

9532 J. Chem. Phys., Vol. 110, No. 19, 15 May 1999 Olkhov, Nizkorodov, and Dopfer
of the fit ~0.03 cm21! is of the order of the laser resolutio
~0.02 cm21! and well below the line width of the observe
transitions~0.12 cm21!.

V. DISCUSSION

A. Structural and dynamical properties of CH 3
1–He

The structure of the observed spectrum and the der
rotational constants show that the CH3

1–He dimer has a

FIG. 5. Photodissociation spectrum of then3 fundamental of the CH3
1–He

complex. The structure of the band is characteristic of a perpendicular
sition of a prolate symmetric top. In the top panel the assignments of
unresolvedQ branches of the individualDK561 subbands are indicated
The bottom panel shows an expanded portion of the spectrum with
assignments for individual rovibrational transitions. The employed nota
corresponds toDKDJK(J). The line width of the narrowest individual line i
'0.12 cm21 ~FWHM!.

TABLE III. Determined molecular constants~in cm21! of the ground andn3

vibrational states of the CH3
1–He complex. Numbers in parentheses rep

sent 2s limits.

n3–j3A8 3115.047~18!a

B9 1.0053~19!
D j93104 2.82~18!
D jk9 3104 24.5~1.6!
Dk93104 5.4~3.2!

A8(12j3) 4.2356~52!
A82A9 20.0391~34!

B8 0.9954~19!
D j83104 2.97~19!
D jk8 3104 24.4~1.1!
Dk83104 4.2~1.7!

aAbsolute uncertainty is60.01 cm21.
d

p-bonded equilibrium geometry@C3v symmetry, Fig. 1~b!#,
in agreement with theab initio calculations. In this structure
all three protons are equivalent, giving rise to a dou
nuclear spin statistical weight for levels withK53n (n
.0). This intensity alternation can be discerned in the o
served spectrum, though it is not very distinct, probably d
to the nonthermal population of rotational levels usually o
served in the employed cluster ion source.18,58 On the other
hand, for a rigid planarC2v structure a more pronounced 3
intensity alternation for adjacentQ branches is anticipated
but not observed in the spectrum. For a rigidC2v complex
the n3 fundamental should also be split into a parallel a
perpendicular component with roughly equal intensity~Table
II !, in disagreement with the experimental observation.
addition, the derived rotational constants are not compat
with a rigid planar structure or a complex featuring free
ternal rotation of CH3

1 .
Single rotational transitions in then3 spectrum have a

linewidth of '0.12 cm21, which is significantly larger than
the bandwidth of the employed laser~0.02 cm21!. The ob-
served broadening may be caused by either power broa
ing or a short lifetime of the excitedn3 state of the complex.
The former mechanism is not very likely as reducing t
laser intensity by a factor of 5 did not affect the observ
linewidths ~further intensity attenuation resulted in an im
practically low signal to noise ratio!. Assuming that the line
broadening arises from rapid intracluster vibrational ene
redistribution and/or predissociation, the lifetime of then3

vibrational state can be estimated as'50 ps. A similar short
lifetime of 38 ps has been determined for then1 level of
N2H

1–He,34 whereas then1 lifetimes of the related proton
bound complexes OH1–He ~Ref. 18! and OCH1–He ~Ref.
36! exceed 200 ps.

The molecular constants in Table III can be used to
termine several properties of the intermolecular bond in
ground andn3 vibrational states of the CH3

1–He complex.59

Treating the dimer as a pseudodiatomic molecule yields
averaged intermolecular separationRcm5RC–He52.176~3! Å
for the ground state, under the assumption that the CH3

1 unit
is not distorted upon complexation~BCH

3
1'9.3622 cm21 for

v350, BCH
3
1'9.2724 cm21 for n351!.50 The slight mono-

mer distortion predicted by theab initio calculations, namely
a CH bond contraction of 0.0015 Å and a 1.4° deviation fro
planarity, has only a minor effect on the inferred C–He se
ration (Rcm2RC–He,0.008 Å). The harmonic force constan
and frequency of the intermolecular stretching mode amo
to ks52.4(2) N/m andvs5113(4) cm21. Excitation of n3

causes a very slight decrease in the intermolecular interac
strength, as evidenced by the longer and weaker intermol
lar bond in the n351 state @Rcm52.187(2) Å, ks

52.2(2) N/m, vs5109(4) cm21# and the'7 cm21 blue
shift of then3 frequency upon complexation.

Comparison of the calculated equilibrium structure a
harmonic vibrational frequencies with the experimentally
ferred values may suggest that the MP2/aug-cc-pVTZ# cal-
culations significantly overestimate the intermolecular bo
strength. Indeed, they predict a much shorter C–He b
~Re51.83 Å vs Rcm52.18 Å!, a higher intermolecular
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stretching frequency~193 vs 113 cm21!, and a larger
complexation-induced blue shift forn3 ~13.2 vs 7 cm21!.
However, increasing the level of theory or the basis set s
was shown to only slightly increase the intermolecular int
action compared to the results obtained at
MP2/aug-cc-pVTZ# level ~DRe,0.02 Å, see Sec. III!. These
results suggest that the massive discrepancy between c
lated and observed values for the intermolecular separa
(Rcm2Re50.35 Å) may arise from other sources, such
large amplitude zero-point motions in the ground vibratio
state of the complex, rather than an insufficient level
theory employed for the calculation of the potential ene
surface.

To estimate the effects of the zero-point motions alo
the intermolecular bending and stretching coordinates on
vibrationally averaged ground state geometry of the co
plex, the calculated cuts through the three-dimensional in
molecular potential are considered. For the radial moti
eigenvalues and eigenfunctions of the one-dimensional ra
potential~relaxed monomer, Fig. 4! have been determined b
solving the Schro¨dinger equation using theLEVEL program
and treating the CH3

1–He complex as a diatomic molecule.60

The anharmonicity of this potential reduces the harmo
frequencyvs5205 cm21 ~unscaled value! to ns5175 cm21

~fundamental! and leads to an averaged ground state in
molecular separation that is'0.05 Å longer than the equi
librium separation. Thus, the radial motion provides only
minor contribution to the observed difference ofRcm2Re

'0.35 Å.
The calculated intermolecular bending frequency ofvb

5604 cm21 ~unscaled value! corresponds in the two
dimensional isotropic harmonic oscillator approximation
an average elongation of̂g2&1/2511°. According to the
rigid monomer surface, the minimum along the near
g510° radial cut lies atRmin52.07 Å ~Rmin52.06 Å for
g5210°!. The effective rotational constant of this structu
Beff51/2(B1C)51.07 cm21, is much closer to the experi
mental value,B051.0053 cm21, than the equilibrium value
Be51.35 cm21 ~Table II!. These results imply that it is
mainly the intermolecular bending vibration that causes
effective averaged intermolecular separation (Rcm) in the vi-
brational ground state of the CH3

1–He complex to be much
larger than the calculated equilibrium distance (Re). A more
quantitative analysis of the effects of zero-point motions
the spectroscopic constants of the complex requires the
lution of the Schro¨dinger equation using a three-dimension
intermolecular potential energy surface.

B. Comparison with related ionic complexes

The intermolecular potential energy surface of t
CH3

1–He complex may be compared with previously stud
cluster ions of the type AH1–He. In cases of linear AH1

ions, where A has a relatively low PA~PAA5485, 494, and
594 kJ/mol for A5O, N2, and CO!,61 the potential energy
surfaces of the corresponding AH1–He complexes feature
pronounced global minima at linear proton-bound configu
tions. Their intermolecular force constants and binding en
gies are anticorrelated with the PA of A;ks56.16, 4.81, and
e
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1.64 N/m and De5650, '530, and '250 cm21 for
OH1–He,18 N2H

1–He,34 and HCO1–He,36,62 respectively.
In contrast to these linear rod-and-ball complexes, which f
ture large barriers for internal rotation, the angular anis
ropy in NH4

1–He is very small.38 The high PA of NH3 ~854
kJ/mol! ~Ref. 61! allows only for a weak bond (De

'150 cm21) and, though the He atom appears to sligh
favor proton-bound sites, the interaction of the He atom w
the tetrahedral NH4

1 ion is rather isotropic. The similarly
high PA of CH2 ~837 kJ/mol! ~Ref. 63! is also responsible
for the weak and nearly isotropic interaction in plan
CH3

1–He configurations (De'110 cm21). However, the in-
termolecular interaction in CH3

1–He complex strongly favors
the p-bound structure (De'700 cm21) over the planar
H-bonded configurations@Fig. 3~a!#, and the large angula
anisotropy of the intermolecular potential locks the He at
in that region.

The angular-radial coupling effects observed
CH3

1–He are much larger than in linear proton-bound co
plexes with He~e.g., OH1–He or N2H

1–He!.18,34,35,42 In
those linear rod-and-ball systems the zero-point bending
tion has only a minor effect on the effective intermolecu
separation@see Fig. 3~b! for N2H

1–He#, as the dependenc
of Rmin on the angleg is weak near the equilibrium valu
~g,30°!. This is in contrast to CH3

1–He, where already
small bending elongations increase the separation of the
atom from the C atom and even from the CH3

1 plane. Zero-
point effects in the radial coordinate are similar in both typ
of complexes, as the interaction strengths are compar
@Fig. 3~a!#. They lead to a moderate elongation of the effe
tive intermolecular separation by some 0.05 Å. As a res
the Re and Rcm values differ by less than 0.05 Å for linea
proton-bound complexes, mainly owing to zero-point elo
gations along the stretching coordinate, while in the case
the CH3

1–He complex the difference is much larger~0.35 Å!
due to the substantial additional contribution arising from
bending coordinate.

The properties of the CH3
1–He complex may be com

pared with those of the related CH3
1–Ar dimer.12 Both com-

plexes have ap-bound equilibrium structure. However, th
Ar complex has a much stronger intermolecular bond~De

56411 vs 707 cm21, MP2/aug-cc-pVTZ#!. The eightfold
larger polarizability of Ar compared to He causes strong
induction interactions with the charge distribution in CH3

1

and, as Ar is a better electron donor than He, thep-bound
configuration can gain significant additional stabilization v
a partial charge transfer from the rare gas atom into the
cant electrophilic 2pz orbital of C ~DQ50.3 vs 0.03e!. The
stronger bond to the Ar ligand causes a much larger per
bation on the structure of CH3

1 ~Dr e520.005 vs20.0015
Å, Due59.6° vs 1.4°!, which is also visible in a larger de
formation energy~E252501.2 vs 54.5 cm21!. In the lan-
guage of valence bond theory, thesp2 hybridization of C in
CH3

1 is much more transformed towardssp3 hybridization in
the case of Ar due to the enhanced charge transfer. In g
eral, the CH3

1–Ar complex is closer to the isoelectron
CH3Cl molecule ~concerning structure, bond energies a
vibrational frequencies!, than CH3

1–He is to isoelectronic
CH4.
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The experimentaln3 frequency of the CH3
1–He complex

~'3115 cm21! is bracketed by those of the bare CH3
1 and

CH3 molecules~3108.4 and 3160.8 cm21!.30,64 It is, how-
ever, much closer to the former value, supporting the c
clusion of a small charge transfer from He to the CH3

1 ion.
The n3 frequency of the CH3

1–Ar complex could not be
measured directly by predissociation spectroscopy, as thn3

level lies below the dissociation energy.12 Observed se-
quence bands of the typenx1n3←nx gave, however, an ap
proximate value ofn3'3145 cm21, which is close to theab
initio frequency~3136 cm21! and the value obtained from
fit of measured CH stretch overtone and combination b
frequencies to a local mode model~3132 cm21!.12 The
highern3 frequency of CH3

1–Ar compared to CH3
1–He is in

accordance with the larger charge transfer involved in
formation of the intermolecular bond.

For many stable species a nearly linear correlation
tween their proton and methyl cation affinities~PA-MCA!
has been established, and the noble gases Kr~PA5427 kJ/
mol, MCA5200 kJ/mol! and Xe ~PA5500 kJ/mol, MCA
5231 kJ/mol! were found to follow this relationship.65 Fur-
ther extrapolation of this rule to the rare gas atoms Ar, N
and He predict their MCAs as 175, 103, and 94 kJ/mol fr
their respective PAs~369, 199, and 178 kJ/mol!.61 The MCA
of Ar has been measured as 4768 kJ/mol in thermochemica
experiments,22 and this value is consistent with recent spe
troscopic andab initio data.12 It is not trivial to determine the
MCA of He from the presentab initio calculations, as the
anharmonic zero-point energy contributions are difficult
estimate for this weakly-bound complex. A conservative u
per limit for the MCA of He can however be derived as'12
kJ/mol from the relation MCA5D0,De,103 cm21. Appar-
ently, the linear PA-MCA relation is not valid for Rg atom
that are smaller than Kr, as it drastically overestimates th
MCAs. A possible reason for this discrepancy may res
from a change in the bonding mechanism in Rg–H1 and
Rg–CH3

1 dimers as the size of the rare gas atom increa
While all Rg–H1 diatomics feature strong covalent bond
only the Rg–CH3

1 dimers with large rare gas ligands ha
bonds with substantial covalent character. In the case
CH3

1–He, induction interactions dominate the attractive p
of the intermolecular potential. In the case of CH3

1–Ar, par-
tial charge transfer provides additional stabilization of t
intermolecular bond and this contribution becomes proba
more important for CH3

1–Rg complexes with larger Rg
atoms.65

VI. CONCLUSIONS

The intermolecular interaction in the CH3
1–He ionic

complex has been investigated by quantum chemical ca
lations and infrared predissociation spectroscopy. The
servedn3 spectrum of the complex is compatible with
p-bound equilibrium structure, where the He atom is
tached to the 2pz orbital of C. The intermolecular bond in
the vibrational ground state is characterized by an avera
C–He separation ofRcm52.18 Å and a harmonic stretchin
force constant ofks52.4 N/m. Excitation ofn3 leads to a
small destabilization of the intermolecular bond~'7 cm21!.
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The calculated intermolecular potential energy surface
the complex features a pronounced global minimum at
p-bound configuration with a well depth ofDe'700 cm21

and an equilibrium separationRe'1.85 Å. Large angular an
isotropy in the potential confines the He atom to thep-bound
region. Anomalous effects of the zero-point motions on
effective intermolecular separation are caused by the spe
topology of the intermolecular potential. Though zero-po
intermolecular bending excursions are not particularly lar
they lead via large angular-radial coupling effects to an
fective averaged intermolecular separation in the vibratio
ground state that is much larger than the corresponding
culated equilibrium value~Rcm2Re'0.35 Å). The angular-
radial couplings caused by the special shape of the pote
of CH3

1–He, a prototype ionic disk-and-ball system, a
qualitatively different from those of previously studie
proton-bound complexes~e.g., N2H

1–He!, which are best
represented as rod-and-ball systems.

The topology of the intermolecular potential energy s
face of CH3

1–He is similar to the one of CH3
1–Ar, for which

the interaction is roughly one order of magnitude stronge12

However, while the attractive part of the interaction
CH3

1–He is dominated by induction interactions, the form
tion of the intermolecularp-bond in CH3

1–Ar is accompa-
nied by substantial charge transfer from Ar into the em
electrophilic 2pz orbital.12 Future calculations and exper
ments on other CH3

1–Xn complexes~e.g., X5Ne! will fur-
ther improve our understanding of the bonding mechanism
systems composed of carbocations and neutral ligands.
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