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Intermolecular interaction in the CH 3 —He ionic complex revealed
by ab initio calculations and infrared photodissociation spectroscopy
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The infrared photodissociation spectrum of the degenerate asymmetric CH sirgtalibfation of

the CH; —He ionic complex has been recorded. The rotational structure and vibrational frequency of
the observed transition are consistent with-aondedCs, cluster geometry where the He ligand is
attached to the @, orbital of the central C atom of CH. The intermolecular bond in the ground
vibrational state is characterized by an averaged intermolecular separatiRyy,oR2.18 A. The
origin of the v vibration of the complex is slightly blue shifté@ cm ) compared to the monomer
frequency, indicating that vibrational excitation is accompanied by a slight destabilization of the
intermolecular bondAb initio calculations at the MP2/aug-cc-pVZevel of theory confirm that

the m-bonded configuration corresponds to the global minimum structure of the corfiplex
=707cm !, R,=1.834A. 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 separatioRs,— R,=0.35A. © 1999 American Institute

of Physics[S0021-96069)02319-3

I. INTRODUCTION spectroscopic andb initio studies->?! In cases, where the
) , o ) PA of A is much higher than that of the Rg atom, the
Intermolecular interactions in ionic complexes bridge theA—H+—Rg complex can be viewed as an Altolecular ion

gap between weak van der Waals forces acting in neutrgl, o is only weakly perturbed by the Rg ligand. Increasing

: lecul " | hvsi ati %onding sites around the AHion may become energetically
(e.g., ion—molecule reactions, plasma physics, solvatiog,, o tayorable for the Rg atofi:}® For example, a recent

-3 . .
e o e o e . €aMbeS spectoscopc and horecal sty ory G
P complexes f=1-8) revealed that, owing to the high PA of

spect_ro.scopma!ly not We.” charactenz%.?imamly.owmg to CH,, the proton-bound planar structure of the THAr
the difficulties involved in the production of high number 7 L ) i,
dimer is significantly less stable than ther-bound” con-

iti f ch I .R in th - . ) .
densities of arge.d_ complexes ecent progress in the dﬁguratlon, where the Ar atom is attached to ths, ®rbital of
velopment of sensitive experimental approaches that com:

bine mass spectrometric with high resolution spectroscopi he carbon aton{Cs, symmetry and therefore closer to the

techniques can overcome this probl&MOur laboratory uti- ~ CENter of the positive charge QistributiMb initio calcula-
lizes infrared photodissociation spectroscopy in a tande ;)nstmdlcflgeg that_the htllghdblniilng enetrgly cr)]f thnéo?undf
mass spectrometer to study the intermolecular interaction ifﬁ ruc uAr\e(~_ ' e;}b IS partly uf oa F;ﬁr al ¢ argg Iran? er
small ionic dimers. In addition, the microsolvation of ions oM 2\ into the vacant electrophilic % orbital o

12,22 ; ; _
has been investigated by monitoring the properties of Sizegarbon. The fo_rmatlon of th!s strong charge transfer
selected clusters as a function of the surrounding neutrg1ond is accompanied by a massive deformation of thg CH

ligandst0-13 geometry; it changes from a planBg,, structure in the free

Rare gagRg) atoms have often been used as a structurelo towards a pyrallgnzigac3v configuration in the complex
less probe of the intermolecular interaction in ion-ligand(AAr_C_Hmlooo)- ' i
complexes. Most of the previously studied ionic complexes ~C0omplexes composed of GHand neutral ligands X are
are proton-bound dimers of the type AZHRg, where two Stabilized intermediates of ion—molecule reactions with rel-

bases A and Rg are held together by a linear protorgvance to astrophysics, organic chemistry, and biof6gs”
bond?—ovlc}’_lgThermochemica| and mass Spectrometric StudHence, the characterization of the interaction in ?J:C—BK
ies demonstrated that the interaction strength in such dimef@mplexes provides valuable insights into the reactivity of
is correlated with the difference in the proton affiniti@a)  this fundamental carbocation. In the present work the infra-

of the two base®®? a conclusion that was confirmed by red spectrum of the CjH-He complex has been recorded in
the vicinity of the asymmetric C—H stretch vibration of the
H — ~1y 30 e
dpresent address: JILA, University of Colorado, Boulder, Colorado 80309-free CFE lon (V3._3108'4 cm 7). In addition, quantum .
0440. chemical calculations have been conducted to characterize

B Author to whom correspondence should be addressed. the intermolecular potential energy surface of this ionic com-
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plex. The comparison between QIHHe and the previously source comprises a pulsed supersonic expansion which is
studied CH —Ar dimer provides useful information on how crossed by two electron beams close to the nozzle orifice.
certain spectroscopic and dynamical properties of the interThe employed gas mixture contained £H,, and He in a
action in CH —Rg complexes depend on the intermolecularratio of approximately 1:1:1100 at a stagnation pressure of 8
bond strength. These include the relative stabilityrdfound ~ bar. Electron impact ionization of the gas mixture is fol-
vs proton-bound structures, the amount of transferred chargéowed by ion—molecule and clustering reactions to form cold
and the inﬂuence Of the Rg ||gand on the ?hﬂhonomer_ ioniC Complexes. Part Of the plasma was eXtI’aCted through a
Another interesting aspect of the ¢HHe dimer inves- Skimmer into a quadrupole mass spectromé&@vS) which
tigated in this work concerns the angular anisotropy of itswas tuned to the mass of GHHe (19 U. The mass-selected
intermolecular interaction potential. Thisbound complex CHs—He beam was injected into an octopole ion guide
may be considered as a prototype of a Weak|y_b0und ionié‘Vhere it was Overlapped in space and time with the IR laser
“disk-and-ball” system, similar to the neutral (H—Rg Pulse. Excitation into metastable rovibrational levels above
(Refs. 31 and 3Ror SO;—Rg dimers® The topology of the the lowest dissociation threshold caused the fragmentation of
intermolecular potential energy surface of such complexes ithe CH;—He complexes into CH ions and He atoms. A
expected to be different from those of linear “rod-and-ball” second QMS served as a filter for the produced; (thg-
[e.g., NH*—He3*%® OCH"—He® or Ar-HCN (Ref. 37] ment ions(15 u), which were subsequently detected by a
and “ball-and-ball” complexege.g., NH; —He (Ref. 38 or Daly-type ion detector. Photofragmentation spectra were re-
Ar-HF (Refs. 39 and 4. For ball-and-ball systems the op- corded by measuring the fragment ion current as a function
timal intermolecular separation does not strongly depend off the laser frequency.
the relative orientation of the complex’s constituefit®ugh Tunable IR radiation was produced by an optical para-
the interaction strength may YaOn the other hand, in rod- metric oscillator(OPO based laser system. The calibration
and-ball and disk-and-ball dimers the optimal intermolecularof the laser frequency was accomplished by simultaneously
bond |ength features usua”y a Strong angu|ar dependencge_cording etalon markers of the oscillator of the OPO and
The main difference between these two categories is that iAPtoacoustic spectra of Ni* The absolute accuracy of the
disk-and-ball dimers the optimal separation increases as tHelibration is limited to approximately 0.01 crhby the laser
ligand is tilted away from the equilibrium position, whereas bandwidth (0.02 cni*) and the uncertainty of the kinetic
linear rod-and-ball complexes display the opposite behaviorenergy of the parent ions in the octopole region. For further
The dependence of the optimal intermolecular separation ofietails of the experimental procedure, the reader is referred
the intermolecular angular coordinates is usually referred t&0 the recent study of CH-Ar, .*?
as angular-radial couplirfy. This phenomenon can have an
important influence on the rotational constants of weakly-
bound complexes, as they are vibrationally averageél”' AB INITIO CALCULATIONS
quantitiesi®*! The present work examines the spectroscopic  Ab initio calculations have been performed for £ind
consequences of the disk-and-ball signatures of thg-G#€  CHZ—He to determine the salient attributes of the intermo-
intermolecular potential. lecular bond, as well as the influence of the He ligand on the
A further topic investigated in the present study dealsintramolecular properties of the GHion. The calculations
with the magnitude of the angular anisotropy of intermolecu-serve not only as a basis for comparison with available ex-
lar potentials in ionic He-containing complexes. The anisotperimental data, but also provide information on the interac-
ropy can vary drastically from complex to complex and itstjon potential not probed experimentallg.g., potential bar-
correlations with the intermolecular bond strength and monoriers, structure, and stability of isomeric structyren
mer structure have not been explored in detail. For exampleyddition to CH —He, the NH*—He complex has been stud-
the intermolecular interaction in linear proton-bound dimersied at the same level of theory to investigate the difference in
of the form AH"—He appears to be very direction@.g.,  the topology of the intermolecular interaction potentials act-
OH"—He (Refs. 18, 42 or N,H"—He (Refs. 34, 35| with  ing in ionic complexes withr-bound and proton-bound equi-
large barriers for internal rotation and relatively small zero-jiprium structures.
point angular excursions. On the other hand, the interaction Most of the calculations were performed at the MP2
potential in NH; —He is more isotropic, with almost no bar- |eve| of theory using thesAUSSIAN 94 program packag®.
rier for internal rotatior’® The planar CH ion constitutes an  The employed basis set, abbreviated as aug-cc-f\ifTthe
intermediate case between linear and tetrahedral ionic coregresent work, was composed of Ahlrichs VTZ basis func-
and the presented spectrum of the {GHHe complex, to- tions for the core electrons, augmented with diffuse and po-
gether with theab initio calculations, provides valuable in- |arization functions taken from the aug-cc-pVTZ basis*Set.
formation about the magnitude of the angular anisotropy offhe contraction scheme can be described as follows:
its prototype disk-and-ball interaction potential. (11s7p3d2f)—[7s4p3d2f] for C and N, and (83p2d)
—[4s3p2d] for H and He. If not stated otherwise, all coor-
dinates were allowed to relax during the search for stationary
points. For the determination of the intermolecular well
The IR photodissociation spectrum of the SHHe com-  depths, D, the calculated interaction energies were cor-
plex has been recorded in a tandem mass spectrometer appected for basis set superposition ertBSSB.*’ The ener-
ratus described in detail elsewhéPé® The cluster ion gies derived in this wayH,) were further corrected for the

Il. EXPERIMENT
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FIG. 2. Various properties of the GH-He complex C3,) as a function of
the intermolecular separatid® calculated at the MP2/aug-cc-pViTevel
of theory; (8) Af=0,—90°; (b) Arg=rSmPI&X pmonomer. oy transferred
chargeAQ from He to CH according to Mulliken and AIM population

analysis; (d) intermolecular potential energyvVj and relaxation energy
(E2).

FIG. 1. Calculated structures of GH(a, Dg,) and CH —He (b—d. The
m-bound structure of the dimer corresponds to the global minirtiyr@s,),

the vertex-bound planar structure is a local minim@nC,,) and the side-
bound geometry represents a saddle p@nC,,).

relaxation energyK,) caused by the complexation-induced

deformation of the CHl unit.*® The results of the calcula- complexation, as is evidenced by the deformation energy of
tions are summarized in Figs. 1-4 and Tables | and IIl. HarE,=55cm . The ion becomes slightly nonplanarmg(
monic vibrational frequencies were scaled by a factor 0.943%91.4°) and the C—H bonds contract somewhair (

to bring the calculated; frequency of CH in agreement =-—0.0015A) leading to a small increase in the C-H
with the experimental valuerg=3108.4cm?*).%® As the stretching frequencie€ r;=12.5cm !, Avs=13.2cm ).

CHj; vibrational modes are only slightly modified upon He According to the Mulliken population analysis, which gave
complexation, the employed nomenclature for the complex’'similar results as the less basis set dependent atoms-in-
normal modes refers to the four intramolecular modes ofmolecules(AIM) analysiss>®* there is only little charge
CHj (v,—v,4) and the intermolecular stretching and bendingtransfer from He to CHl involved in the bond formation

vibrations(vs and vy). (AQ=~0.03-0.04&), implying that induction forces domi-
The calculated equilibrium geometry of GHcorre-  nate the attractive part of the intermolecular potential. This is
sponds to a planar structure wih,,, symmetry[Fig. 1(@)]. in contrast to CH—Ar where substantial charge transfer

Both the C—H bond lengthr{) and the scaled vibrational (AQ=0.3e) contributes to the stabilization of the-bonded
frequencies ¢,—v,), show satisfying agreement with avail- configuration:?
able experimental data**°°(Table ) and the results of pre- To investigate the influence of He complexation on the
vious calculations!®? suggesting that the chosen level of CH; monomer, several properties of the complex have been
theory is sufficient for the description of the monomer prop-calculated for different intermolecular separatiétsvith the
erties. He atom approaching the GHon along theC; axis. Figure
Similar to the CH —Ar dimer, the-bound configura- 2 shows theR dependencies of the GHstructure (., 6,),
tion of CHy —He corresponds to the global minimum struc- the transferred chargeA@Q), and the interaction and relax-
ture of the complexFig. 1(b), Table Il]. The intermolecular ation energiegV and E,). Comparison of these plots with
bond is characterized bR,=1.834 A andD.=707 cm L. the corresponding data for GH-Ar reveals that, though the
The CH; unit experiences modest geometry changes upodependencies are qualitatively similar for both complexes,

TABLE I. Calculated CH bond lengthrf) and scaled harmonic frequencies of £HD3,) compared to
available experimental values. IR intensiti@s km/mol) and vibrational symmetry species are given in paren-
theses.

le Be Ce V1 vy V3 Vy
Level A) (cm™ (cm™ (cm™ (cm™) (cm™b) (cm™)

MP2/aug-cc-VTZ 1.0844 9482899 4.741450  2917.9 1360.2 31084  1365.3
(a;/0.0) @417) (e'/148)  (e'/34)
expt ~1.087 1380+20°  3108.4

aReference 30.
PReference 49.
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TABLE II. Structure, rotational constants, energetics, and scaled harmonic frequencies of seviraieCH
isomers[Figs. 1b)—(d)] calculated at the MP2/aug-cc-pVZevel. IR intensitiein km/mol) and vibrational
symmetry species are given in parentheses.

le (Mie/r2e) Re e/ e Ae Be Ce Ex E, De
Structure A) A) cem™®  (em™ cem?d  em? cem?Y (cem?h
m-bound 1.0829 1.8337 91.4° 475786 1.352609 1.352609 761.6 545 707.1
(C3U)
vertex-bound 1.0846/1.0844 3.3650 119.9° 9.48773 0.448727 0.428462 1128.1 112.8
(CZU)
side-bound 1.0844/1.0843 3.1269 119.9° 9.49456 0.515856 0.489273 10&8.1 108.6
(Cz)
I v, V3 I Vg vy
Structure (cm™h (cm™ (cm™h (cm™ (cm™b (cm™b
a-bound 2930.4 1337.4 3121.6 1361.2 193.2 569.6
(Cay) (2,/0.4) (a,/2) (e/140) (e/33) (a,/51) (el3)
vertex-bound 2916.4 1361.2 3105.4 1367.3 84.6 68.5
(Cay) (a,/0.4) (by/7) (2,/87) (a,/16) (a,/17) (b,/0.5)
3108.4 1366.1 27.6
(b,/73) (b,/16) (by/1)
side-bound 2918.4 1360.1 3109.1 1363.2 73.7 i47.9
(Cay) (2,/0.0) (by/7) (a,/74) (2,/19) (a,/16) (b,/0.7)
3109.4 1364.3 18.8
(b,/72) (b,/18) (by/2)

they are much more pronounced for CHAr due to the detail. In these calculations the structure of the;Cidono-
significantly stronger intermolecular interactitfn. mer was kept rigid (rigid monomer approximationy,
Two further stationary points on the GHHe intermo-  =1.0844 A. Interaction energies were calculated for a grid
lecular potential energy surface have been investigated; thef intermolecular coordinateR and y, wherey measures the
vertex-bound local minimuniFig. 1(c)] and the side-bound deviation of the &¢—C—Hangle from 90° and the intermo-
transition stat¢Fig. 1(d)]. Both planar geometries ha¥®, lecular He—C separatiofFig. 3). For each angl€y=0°,
symmetry and feature much weaker and longer intermolecu=5°, =10°, =20°, £45°, =67.5°, =90°), the energies of at
lar bonds compared to the global minimufable Il). The least 10 radial pointg¢spaced by 0.1 Awere least-squares
changes in the CH properties induced by the He complex- fitted to an analytical function, consisting 6§ an exponen-
ation are therefore very small for these planar structures. Thal term exp(aR) describing the exchange repulsion and
difference in the binding energies of thebound and planar (i) a 8/R* term representing the attractive charge-induced
geometries indicate that the barrier for internal rotation of thedipole interactior?> Minimum energies D ;) and the cor-
CH; unit within the complex is of the order of 600 cth  responding separationgR,,) of these one-dimensional ra-
The resulting large angular anisotropy of the intermolecular
potential keeps the He atom localized in thdoound region

near the », orbital of the C atom. The high intermolecular H

bending frequency of ther-bonded equilibrium structure,

v,=570cm %, is a further signature for the steep rise in the R 7 .iR Y :
intermolecular potential along the angular coordinates. One- c He He

dimensional hindered rotor simulations indicated that a bar-

rier of 600 cm* for the internal rotation of the CH unit

around itsa (or b) axis causes only small tunneling splittings 0o
(<0.0005 cm?). On the other hand, both planar H-bonded
structures have very similar binding energies and low- = 300
frequency in-plane bending modés,=28 and 19 cm?, £ i
Table 1l), indicating that the He atom experiences almost no & -5
barrier when moving in the molecular plane along the mini-
mum energy path around the §Hon. In general, the topol- 90 45
ogy of the CH —He intermolecular potential energy surface

is similar to that of Clg—Ar, with the major difference be- FIG. 3. Selected properties of the intermolecular potential energy surface of

ing that the interaction in the latter complex is roughly onethEZ/ CH —He zalnd | ';iHh“He, ,gomp'exes calculated flﬂ Jhe
order of magnitude strongé?. MP. aug-cc-pVT evel of theory(rigi monomer approximationP otte_

. . . are the potential energy depth® ;) and minimal energy separations
Selected parts of the three-dimensional 'mermmeCUIamem) of the one-dimensional radial cuts through the intermolecular poten-

potential energy surface of C§H-He were studied in more tial energy surfaces as a function of the bending angle

min [CT 1]

o HNy* - o HNy*
1 n 1 I 1 I 1 1 n 1

45 90 -90 45

0 0 ' 45 ' 90
v[°] kN
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surface’®®® The effects of monomer relaxation @, and
Rmin decrease as$)| increases, because the intermolecular
interaction becomes weaker. As relaxation of the internal
monomer coordinates during complex formation gives rise to
an additional contribution to the binding energy of upt60
cm™ ! (7%), future efforts to explore the properties of the
intermolecular interaction in CH-He in a more quantitative
- way will require a potential energy surface that takes mono-
L6 20 24 28 mer relaxation into account.
RIAI To test whether the MP2/aug-cc-pViZevel of theory
FIG. 4. One-dimensional radial cuts through the;C—l-H-le intermolecular is sufficient for a reliable description of the interaction in the
potential energy surface along tg, symmetry axis for fixed and relaxed CH;—He complex, minima on the rigid monomer surface
CH; interna! coordinates. Monomer relaxation leads to a slightly strongethaye also been calculated at the MP4/aug-cc—pVT|7e
and shorter intermolecular bond. =1.0877A, R,=1.8897 A, D,=727cnT?) and MP2/aug-
cc-pvVQZ (r,=1.0827A, R.=1.8939A, D.,=712cm?)
dial cuts through the three-dimensional intermolecular potenlevels of theory. Comparison with the corresponding results
tial energy surface are plotted in Fig. 3 as a functioryoln ~ obtained at the MP2/aug-cc-pVTZevel (r,=1.0844 A, R,
the V|C|n|ty of the bound globa' minimun’(/yzoo) the po- =1.9049 A, De: 675 Cm_l) indicates that increasing either
tential is quite steep along the bending coordiri&ig. 3a)]  the basis set size or the level of theory for the treatment of
and features Strong Coup"ng between radia' and angu'ar irﬁlectron Correlation |eadS Only to a mOdeSt increase in the
termolecular coordinatelFig. 3(b)]. Already small angular calculated interaction energy. These observations suggest
elongations lead to a significant increaseRp;,, and a de- that the MP2/aug-cc-pVTZlevel is adequate for a near
crease in the interaction strendg®h,.,. The massive angular duantitative determination of the intermolecular potential en-
anisotropy is in accordance with the large calculated inter€rgy surface of the Ci-He complex.
molecular bending frequencyr{=570cm 1), which ex-
ceeds by far the one of the intermolecular stretching mode

(vs=193cnm’ 1). Moreover, the plots are only slightly asym- v EXPERIMENTAL RESULTS
metric with respect toy, indicating that the intermolecular

X rigid
® relaxed

potential is relatively independent of the azimuthal argle The mid-infrared photodissociation spectrum of the
=90° and —90° correspond to the vertex-bound and side-CH; —He complex has been recorded between 3080 and
bound structures, see Fig). 1 3170 cm* to search for the strong IR activg fundamental

The NH"—He intermolecular potential energy surface and within the scanned range only one intense transition has
has been explored with the same methods and the results dveen foundFig. 5). Both the vibrational frequenc{~3115
compared in Fig. 3 with the corresponding £HHe date®  cm %) and the rotational structure of the observed transition
The monomer geometry was fixed aty=1.1058 A and are consistent with an assignment to thefundamental of a
rap=1.0331 A and radial points were calculated fpr0°, m-bound CH —He complex.
22.5°, 45°, 67.5°, and 90the N,H*—He potential is sym- The rotational structure of the observed band is charac-
metric in y). Similar to the CH —He complex, the surface of teristic of a perpendicular transition of a prolate symmetric
N,H*—He features a pronounced minimum &t0° in  top, with Q branches of adjacetK =+ 1 subbands spaced
agreement with previous spectroscopic daendab initio by approximately PA(1— &;)—B)]~6.5cmi 1. Neighbor-
calculations”® However, the minimum is less steep for elon- ing subbands are heavily overlapping, as Beotational
gations along the bending coordinfifég. 3a)] and theR,;,  constant~1 cm %) is only about 4-5 times smaller than
dependence ony is much smaller than in the case of and rotational cooling is not completd {(~30K). The as-
CH3 —He [Fig. 3(b)]. signment of theJ andK rotational quantum numbers to the

To visualize the effect of the rigid monomer approxima- energy levels involved in the observed transitions were based
tion on the shape of the intermolecular potential, the radiabn the relative intensities of the unresolv@dranches'Q,
potential obtained fory=0° by relaxing the monomer coor- being the most intengeand missingP and R branch lines
dinatesr and @ is compared with the corresponding rigid involving levels withJ<K. In total, 68 rotational line posi-
monomer cut in Fig. 4. As expected, the main differences aréions, ranging fromK=0 to 5 andJ=0 to 9>° were least-
observed in the short range part of the potential functionsquares fitted to a standard semirigid symmetric top Hamil-
where the relaxation of the GHinternal coordinates leads to tonian, including the first order Coriolis coupling term for
a substantial additional stabilization. However, the effects orthe twofold degenerate upper vibrational leyet 0 for vy
D, andR, are less pronounced®,=709 vs 676 cm'and =0, |=*1 forvz=1)>
R.=1.86 vs 1.93 A for relaxed vs rigid monomer potential ) ) )

The minimum of the relaxed surface features a slightly =~ E(J;K)=o+BJJ+1)+(A-B)K"~D,I°(J+1)

longer bond than that obtained by the gradient optimization — D, J(J+1)K2—DK*—2¢1AK.

method (D,=707cm !, R,=1.83A, Table 1), as the

former corresponds to the minimum on the BSSE correctedable Ill summarizes the obtained molecular constants for
surface while the latter one is that on the uncorrectedhe ground and:; vibrational states. The standard deviation
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'Qq m-bonded equilibrium geometyC,, symmetry, Fig. 1b)],
in agreement with thab initio calculations. In this structure
v3 band PQ, all three protons are equivalent, giving rise to a double
nuclear spin statistical weight for levels witk=3n (n
>0). This intensity alternation can be discerned in the ob-
served spectrum, though it is not very distinct, probably due
to the nonthermal population of rotational levels usually ob-
served in the employed cluster ion sout&&® On the other
hand, for a rigid plana€,, structure a more pronounced 3:1
intensity alternation for adjacer® branches is anticipated,
but not observed in the spectrum. For a rigigd, complex
the v; fundamental should also be split into a parallel and
perpendicular component with roughly equal intengitstble
Ry I, |n disagreement With_the experimental observation._ In
rR(l)(J) addition, the derived rotational constants are not compatible
with a rigid planar structure or a complex featuring free in-
ternal rotation of CH .

Single rotational transitions in the; spectrum have a
linewidth of ~0.12 cm!, which is significantly larger than
the bandwidth of the employed laséF.02 cm'%). The ob-
served broadening may be caused by either power broaden-
ing or a short lifetime of the excited; state of the complex.
The former mechanism is not very likely as reducing the

3120 3122 317 31% 31 3130 3132 3134 laser intensity by a factor of 5 did not affect the observed
linewidths (further intensity attenuation resulted in an im-
practically low signal to noise ratjoAssuming that the line
FIG. 5. Photodissociation spectrum of thg fundamental of the Ci-He  broadening arises from rapid intracluster vibrational energy
ce_mplex. The structure of the band is characteristic of a perpendicular trarfedistribution and/or predissociation, the lifetime of th@
sition of a prolate symmetric top. In the top panel the assignments of the . . . L
unresolvedQ branches of the individuaAK=*1 subbands are indicated. vibrational state can be estimated-aS0 ps. A similar short
The bottom panel shows an expanded portion of the spectrum with théifetime of 38 ps has been determined for the level of
assignments for individual rovibrational transitions. The employed notationN2H+_He'34 whereas they; lifetimes of the related proton-
corresponﬁdls t0%AJk(J). The line width of the narrowest individual line is bound Complexes OH-He (Ref. 18 and OCH —He (Ref.
~0.12 cm* (FWHM).
36) exceed 200 ps.

The molecular constants in Table Il can be used to de-
of the fit (0.03 cm'%) is of the order of the laser resolution termine several properties of the intermolecular bond in the
(0.02 cm'Y) and well below the line width of the observed ground andv vibrational states of the CH-He complex’?

CH;*-He

PQ,
PQ;
WMW
L : 1 1 1 1 1 1 t 1 1 1 1 2, 1 r ]
3080 3090 3100 3110 3120 3130 3140 3150 3160 3170
v [em!]

v [em}]

transitions(0.12 cm %). Treating the dimer as a pseudodiatomic molecule yields an
averaged intermolecular separatiBg,=Rc_pe=2.1763) A
V. DISCUSSION for the ground state, under the assumption that thg QHit

is not distorted upon complexatic(BCH3+~9.3622 cm 't for

_ v3=0, Bey+=9.2724cm? for v3=1).°° The slight mono-
The structure of the observed spectrum and the derlve%er d'stort?on redicted by thab initio calculations. namel
rotational constants show that the CHHe dimer has a : ion pred y it utatons, y

a CH bond contraction of 0.0015 A and a 1.4° deviation from
planarity, has only a minor effect on the inferred C—He sepa-
TABLE III. Determined molecular constantm cm™1) of the ground and, ration (Rem— Re_ne<0.008 A). The harmonic force constant
vibration‘allstates of the CH-He complex. Numbers in parentheses repre- and frequency of the intermolecular stretching mode amount
sent 2 imits. to ke=2.4(2) N/m andw.=113(4) cmr*. Excitation of v

A. Structural and dynamical properties of CH  ;—He

va—EgA' 3115.04718)? causes a very slight decrease in the intermolecular interaction
B” 1.005319) strength, as evidenced by the longer and weaker intermolecu-

D> 10° 2.8218) lar bond in the vz3=1 state [R;,=2.187(2) A, ks

';j);::llgj *g-i(é-g =2.2(2) N/m, ws=109(4) cm*] and the~7 cm * blue

A’(k1—§3) 4:235652) shift of the V3 frequency upon complex.etio.n.

A —A" —0.039134) Comparison of the calculated equilibrium structure and
B’ 0.995419) harmonic vibrational frequencies with the experimentally in-

D/ x10* 2.9719) ferred values may suggest that the MP2/aug-cc-pVea-

Djx 10 —4.41.1)

culations significantly overestimate the intermolecular bond
strength. Indeed, they predict a much shorter C—He bond
3Absolute uncertainty is=0.01 cnt ™, (Re=1.83A vs R,,=2.18A), a higher intermolecular

D, x10* 4.21.7
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stretching frequency(193 vs 113 cm?), and a larger 1.64 N/m and D,=650, ~530, and ~250 cm! for
complexation-induced blue shift for; (13.2 vs 7 cm?).  OH™—He!® N,H"—He3* and HCO —He 2% respectively.
However, increasing the level of theory or the basis set sizén contrast to these linear rod-and-ball complexes, which fea-
was shown to only slightly increase the intermolecular interture large barriers for internal rotation, the angular anisot-
action compared to the results obtained at theropy in NH; —He is very smalf® The high PA of NH (854
MP2/aug-cc-pVTZ level (AR.<0.02 A, see Sec. Ill These  kJ/mol) (Ref. 61 allows only for a weak bond [,
results suggest that the massive discrepancy between calcs-150 cmi 1) and, though the He atom appears to slightly
lated and observed values for the intermolecular separatiofavor proton-bound sites, the interaction of the He atom with
(Rem— Re=0.35A) may arise from other sources, such asthe tetrahedral NFi ion is rather isotropic. The similarly
large amplitude zero-point motions in the ground vibrationalhigh PA of CH, (837 kJ/mo) (Ref. 63 is also responsible
state of the complex, rather than an insufficient level offor the weak and nearly isotropic interaction in planar
theory employed for the calculation of the potential energyCH; —He configurations@.~110cni !). However, the in-
surface. termolecular interaction in Cj’—l—He complex strongly favors
To estimate the effects of the zero-point motions alonghe #-bound structure D.~700cm ') over the planar
the intermolecular bending and stretching coordinates on thgi-bonded configurationsFig. 3@)], and the large angular

vibrationally averaged ground state geometry of the comanisotropy of the intermolecular potential locks the He atom
plex, the calculated cuts through the three-dimensional intefin that region.

molecular potential are considered. For the radial motion, The angular-radial coupling effects observed in
eigenvalues and eigenfunctions of the one-dimensional radie@H;_He are much larger than in linear proton-bound com-
potential(relaxeq monomer, Fig.)have been determined by plexes with He(e.g., OH —He or NH*—He).18:343542 |
solving the Schrdinger equation using theeveL program  those linear rod-and-ball systems the zero-point bending mo-
and treating the C§i-He complex as a diatomic molecf.  tion has only a minor effect on the effective intermolecular
The anharmonicity of this potential reduces the harmonifseparatior{see Fig. 8) for N,H"—He], as the dependence
frequencyws=205cm * (unscaled valueto »s=175¢cm*  of R  on the angley is weak near the equilibrium value
(fundamental and leads to an averaged ground state inter(y<3oo)_ This is in contrast to CEHe, where already
molecular separation that is0.05 A longer than the equi- small bending elongations increase the separation of the He
librium separation. Thus, the radial motion provides only asiom from the C atom and even from the Cidlane. Zero-
minor contribution to the observed difference Bfm—Re  point effects in the radial coordinate are similar in both types
~0.35A. ) . of complexes, as the interaction strengths are comparable
The E?ICUlated intermolecular bending frequencysgf  [Fig. 3a)]. They lead to a moderate elongation of the effec-
=604cm - (unscaled value corresponds in the two- e intermolecular separation by some 0.05 A. As a result,
dimensional isotropic harmonic oscillator approximation tohe R. and R, values differ by less than 0.05 A for linear
an average elongation qf72>1/2:,1,1°' According to the  rat0n-hound complexes, mainly owing to zero-point elon-
rigid monomer surface, the minimum along the nearbyyaiions along the stretching coordinate, while in the case of
y=10° radial cut lies atRyn=2.07A (Ryn=2.06A for e CH; —He complex the difference is much larder3s A)
y=—10°). The effective rotational constant of this structure, 4,6 {9 the substantial additional contribution arising from the
Ber=1/2(B+C)=1.07cm %, is much closer to the experi- bending coordinate.
mental valueB,=1.0053 cm %, than the equilibrium value, The properties of the CH-He complex may be com-
B,=1.35cm * (Table I). These results imply that it is p;req with those of the related GHAr dimer!? Both com-

mainly the intermolecular bending vibration that causes th%lexes have ar-bound equilibrium structure. However, the
effective averaged intermolecular separati®q.{) in the vi- A, complex has a much stronger intermolecular bdbg

brational ground state of the GHHe complex to be much —6411 vs 707 crl, MP2/aug-cc-pVT?). The eightfold
larger than the calculated equilibrium distanég). A more  |55ar polarizability of Ar compared to He causes stronger
quantitative analysis of the effects of zero-point motions o, qyction interactions with the charge distribution in CH
the spectroscopic constants of the complex requires the sary a5 Ar is a better electron donor than He, thbound
lution of the Schrdinger equation using a three-dimensional ;g ration can gain significant additional stabilization via
intermolecular potential energy surface. a partial charge transfer from the rare gas atom into the va-
cant electrophilic p, orbital of C(AQ=0.3 vs 0.03). The
stronger bond to the Ar ligand causes a much larger pertur-
bation on the structure of CH(Ar,=—0.005 vs—0.0015
The intermolecular potential energy surface of theA, A#.=9.6° vs 1.4%, which is also visible in a larger de-
CH; —He complex may be compared with previously studiedformation energy(E,=2501.2 vs 54.5 cmb). In the lan-
cluster ions of the type AH-He. In cases of linear AH  guage of valence bond theory, tag? hybridization of C in
ions, where A has a relatively low P@A,=485, 494, and CHj is much more transformed towarsg® hybridization in
594 kJ/mol for A=0, N,, and CQ,! the potential energy the case of Ar due to the enhanced charge transfer. In gen-
surfaces of the corresponding AHHe complexes feature eral, the CH—Ar complex is closer to the isoelectronic
pronounced global minima at linear proton-bound configura-CH;Cl molecule (concerning structure, bond energies and
tions. Their intermolecular force constants and binding enervibrational frequencigs than CH —He is to isoelectronic
gies are anticorrelated with the PA of k;=6.16, 4.81, and CH,.

B. Comparison with related ionic complexes
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The experimentak; frequency of the CEl—He complex The calculated intermolecular potential energy surface of
(~3115 cm'}) is bracketed by those of the bare CHind  the complex features a pronounced global minimum at the
CH; molecules(3108.4 and 3160.8 cit).3® |t is, how-  #-bound configuration with a well depth & .~700cm !
ever, much closer to the former value, supporting the conand an equilibrium separatid®,~1.85 A. Large angular an-
clusion of a small charge transfer from He to the Tlén.  isotropy in the potential confines the He atom to thbound
The v5 frequency of the CEl—Ar complex could not be region. Anomalous effects of the zero-point motions on the
measured directly by predissociation spectroscopy, ag4he effective intermolecular separation are caused by the special
level lies below the dissociation enertfy.Observed se- topology of the intermolecular potential. Though zero-point
guence bands of the typg+ v3< v, gave, however, an ap- intermolecular bending excursions are not particularly large,
proximate value of;~3145cm %, which is close to th@b  they lead via large angular-radial coupling effects to an ef-
initio frequency(3136 cm %) and the value obtained from a fective averaged intermolecular separation in the vibrational
fit of measured CH stretch overtone and combination banground state that is much larger than the corresponding cal-
frequencies to a local mode modé3132 cm?).'2 The culated equilibrium valuéR.,—R.~0.35A). The angular-
higher v; frequency of CH —Ar compared to Chl-He is in  radial couplings caused by the special shape of the potential
accordance with the larger charge transfer involved in thef CH}[ —He, a prototype ionic disk-and-ball system, are
formation of the intermolecular bond. gualitatively different from those of previously studied

For many stable species a nearly linear correlation beproton-bound complexege.g., NH*—He), which are best
tween their proton and methyl cation affinitié€BA-MCA) represented as rod-and-ball systems.
has been established, and the noble gasePke=427 kJ/ The topology of the intermolecular potential energy sur-
mol, MCA=200 kJ/mo} and Xe (PA=500 kJ/mol, MCA  face of CH —He is similar to the one of CH-Ar, for which
=231 kJ/mo) were found to follow this relationshify. Fur-  the interaction is roughly one order of magnitude strortger.
ther extrapolation of this rule to the rare gas atoms Ar, NeHowever, while the attractive part of the interaction in
and He predict their MCAs as 175, 103, and 94 kJ/mol fromCH3 —He is dominated by induction interactions, the forma-
their respective PA§369, 199, and 178 kJ/mpi! The MCA  tion of the intermolecularr-bond in CH —Ar is accompa-
of Ar has been measured as#48 kJ/mol in thermochemical nied by substantial charge transfer from Ar into the empty
experiment$? and this value is consistent with recent spec-electrophilic 2, orbital? Future calculations and experi-
troscopic andhb initio datal? It is not trivial to determine the ments on other CH-X, complexes(e.g., X=Ne) will fur-
MCA of He from the presenab initio calculations, as the ther improve our understanding of the bonding mechanism in
anharmonic zero-point energy contributions are difficult tosystems composed of carbocations and neutral ligands.
estimate for this weakly-bound complex. A conservative up-
per limit for the MCA of He can however be derilved ad2  ACKNOWLEDGMENT
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