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Infrared photodissociation spectra of CH 3 —Ar, complexes (n=1-8)
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Infrared photodissociation spectra of the ionic complexeg €A, (n=1-8) have been recorded

in the vicinity of thev; asymmetric stretching vibration of the C}'Hnonomer. The CE|—Ar dimer

has also been investigated in the spectral range of the first CH stretching overtones, resulting in the
characterization of its 2;, v+ v3, and 2v; vibrational states at the level of rotational resolution.
The spectrum of CE-Ar is consistent with a pyramida;, minimum structure of the complex
predicted byab initio calculations at the MP2 level, whereby the Ar atom is attached to the empty
2p, orbital of the CH moiety. The rotationally resolved; spectrum of the CEl-Ar, trimer
indicates that the two Ar atoms are located on opposite sides of tfen@liety on theC axis, with
significantly differing intermolecular C—Ar bond lengths. The splittings observed in the trimer
spectrum are attributed to a tunneling motion between two equiv@lgnminimum configurations

via a symmetridD 5, transition state. The spectra of larger clusters @) lack rotational resolution,
however the positions and profiles of the band suggest that the additional Ar atoms are weakly
attached to CEl—Ar, trimer, which acts as the effective nucleation center for the cluster growth.
The stretching fundamentals of the Clibn core in the CH—Ar, clusters are intermediate between
those of the methyl radical and the methyl cation, implying a substantial charge transfer from the
rare gas atoms to the unoccupief,2rbital of CH;. © 1998 American Institute of Physics.
[S0021-960698)01524-4

I. INTRODUCTION pair. Thermochemical measurements aiminitio calcula-

tions indicate that CK acts as an efficient Lewis acid even

The methyl radical and its cation belong to the group of ith t 1o the inert Ar atof? The st lectrophili
the most important reactive species in organic, combustionV' "' FeSPect to e Inert Ar atom. The strong electrophilic

atmospheric, and interstellar chemistr§. Both molecules character of CH arises from the empty |, orbital located

are ubiquitous components of various hydrocarbon-base” the central carbon atom. Due to participation of charge

discharges and plasm&& The methyl and its homologous transfer in the binding mechanism, the intermolecular C—-Ar

. . 13
radicals are readily produced by photolysis of suitable orPondinthe CH —Ar complex is as strong as 48 kJ/mol.

ganic precursor molecules. For example, UV photodissociaBecause the CO molecule is a much better electron donor
tion of CHyl into CHy-+1 represents a prototype photofrag- than Ar, the interaction in CE+CO (330 kJ/mo) is compa-
mentation reaction for polyatomic molecufés?The methy! rable to covalent bond$. The interaction is maximized
cation is a very strong electrophilic agéft* capable of ~When the D, orbital of CH; is directed towards the ligand.
capturing electrons and functional groups from a variety ofTherefore, complexes of the type HX, where X is an
neutral organic moleculés- 8|t even reacts with saturated atom or diatom(e.g., Ar or CQ, are characterized by @,
hydrocarbons to produce more stable secondary and tertiagguilibrium structure. As an important exception, the {CH
carbocation$:*®-2° Because of their importance, both ¢H ion cannot be properly described by the $5H, notation,
and CH, have served as targets for numerous theoretical anblecause its five protons rapidly undergo exchange
experimental studies exploring their structural, reactive, andunneling?-2°
spectroscopic properties. Both possess a plBngrequilib- Spectroscopic properties of GHbound to a Lewis base
rium geometry with only slightly differing C—H bond may be expected to be intermediate between those of the free
lengths (r,=1.076 and 1.087 A for CH and CH, methyl radical and the methyl cation because the formation
respectively.>?°The in-plane stretching and bending vibra- of such bonds is accompanied by a certain amount of charge
tional frequenciesi, ,v3,v,) are similar or somewhat lower transfer'® In the present work, the infrared spectrum of the
in the ion compared to the radicéTable ), whereas the CH; —Ar complex is examined to compare its properties with
frequency for the out-of-plane bending motion is signifi- those of CH and CH. It is hoped that the systematic inves-
cantly higher (v,=1380-20 vs 606 cm* for CH; and tigation of ionic complexes composed of CHind various
CHy). 2728 ligands X (e.g., X=rare gase atoms or small closed shell
Reactions of CH with neutral molecules may proceed molecules will provide valuable data to establish trends in
via reactive intermediate§;** in which the ionic reactant the energetic, structural, and spectroscopic properties of the
and the neutral substrate are stabilized in a Lewis aCid_ba%arge-transfer bonds involving the 2orbital of carbon.
Thermochemical and theoretical studies of the;GHAr,
dAuthor to whom correspondence should be addressed. and CI—[{—(CO)n series suggested that thep2orbital of
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TABLE |. Experimental and theoretical vibrational frequendiescm™?) of CH; and CH compared to those of CH-Ar, (n=1,2). Theoretical frequencies
are derived from the nonrigid invertor modeir.i.) (Ref. 38 or the local mode-coupled Morse oscillators mo@deh.) (Ref. 33.

CH, CH{ CH; —Ar CH: -Ar, CH, CH{ CH, CHi-Ar CH}-Ar
Mode expf expP expf expf nr.id nri® Ilmf  ILmS I.m.°

121 3004.43612) 2981(3) 3007.6 2900.7 3005 2979 2986
123 606.45316) 138Q20) 609.3 1391.2
Vg 3160.821165) 3108.377(67) 314530) 3151.65  3160.9  3108.4 3171 3132 3148
I 13941)9 1395.3 1399.0
2vq 5959.72.1) 5911.93611) 5943.6 5664.6 5964 5915 5932
vt vs 6027.7017)" 60541) 6122.9 5859.1 6078 6020 6048
2v3 (1=0) 6191.05811) 62244) 6299.6 6083.4 6277 6204 6238
2v53 (1=2) 6242.56615)h 62842) 6307.5 6138.3 6318 6241 6274

aReferences 34, 58—61. ‘References 40, 41.

PReferences 20, 22. ‘Reference 33.

This work. 9Measured in a Ne matrix.

‘References 35, 41. "Neglecting effects of,.

CH; can accept electron density from two ligands located agharacterized by Ram&i™ and infrared absorption
opposite sides of the QHmoiety.B'“ However, while the spectroscopy® Based on the available spectroscopic data a
C—-C bonds in the CH-(CO), complex (C5, symmetry stretching vibrational potential was constructed for;Gis-
were shown to be nonequiva'é}ﬁuhe equ”ibrium geometry |ng the local mOde-COUpIed Morse oscillator model, which
of CHy—Ar, was predicted to be db,, symmetry'® Further could reproduce the frequencies of the CH stretching vibra-
|igands ®>2) were Supposed to occupy less Symmetrica]tions of Cl‘b and its deuterated iSOtOpomerS to within a few
sites outside th@3 axis on the basis of their lower incre- wave numberg?’A Sllghtly different selection of vibrational
mental binding energie$. To test the conclusions derived States was uséd®’to determine the potential energy func-
from thermochemical and theoretical considerations, thdion of CH; based on the nonrigid invertor mod&IThese
spectroscopy of C§ surrounded by more than one Ar atom studies closely reproduced the available experimental data
has also been investigated. Following the predictions basednd also predicted frequencies of unknown transitions. The
on thermochemical data only the first two ligands, attachedHs ion has not been studied as extensively ag CFable
to the 2p, orbital of the carbon on both sides of the £H 1)- An approximate value of its out-of-plane bending fre-
plane, are expected to sensitively influence the spectroscopftiency was determined from photoelectron spectravas
properties of the ionic core. Subsequent Ar atoms, bound ta- 1380(20) cm®.?*#* The degeneratev; asymmetric
the cluster by weaker inductive and van der Waals fotées, Stretching vibration was observed at 3108cnby direct
should have only a secondary effect on the vibrational freabsorption spectroscop* The positions of other funda-
quencies. Significantly, the; spectrum of CH—Ar, ob- mental and overtone vibrations of GHvere predicted from
tained in the present work is rotationally resolved, providing&h empirically correctedb initio potential energy surface
the first example of extracting quantitative structural and dy{Table .40
namic information from a spectrum of a trimeric ionic com-  Nearly all spectral features observed in the IR spectra of
p|ex_ The structure Of Cg'_ArZ is unambiguous'y Shown to the Cl-l;—Arn ClusterS can be Correlated to intramolecular
be of C5, symmetry with two nonequivalent C—Ar bonds, in vibrations of the free CEl monomer. Hence, the notation
disagreement with previous predictiolisResults for the employed for the cluster vibrations always refers to the four
larger clusters are generally consistent with the assessmert§mal modes ;—v,) of the CH; chromophore. The inter-
of the recent thermochemical Study of the ;_l.—Arn Series:l_-3 molecular stretch and bend vibrations of the;;H\r dimer
Infrared spectra of CE-Ar, clusters have been re- are designateds and vy, respectively.
corded by means of photodissociation spectrosédpbhe
power of this technique has previously been illustrated by the
observation of infrared spectra of weakly bound ionic com-
plexes such as He—NHand He—HCO.%®2° The present |. EXPERIMENT
study of CH;—Ar further demonstrates the high sensitivity
and selectivity of this method by the detection of overtone  The experimental setup and spectroscopic technique
vibrations of the CH core at the level of rotational resolu- have been described in detail elsewH&r& Therefore, only
tion. Other relevant Ar containing ionic complexes examinedthe aspects relevant for the study of the GHr, clusters
with a similar approach include GH-Ar, (n=1,2)° are briefly summarized. Infrared photodissociation spectra
NH, —Ar, (n=1-7)3 and HCO -Ar,, (n=1-13) 3 were obtained by resonant excitation of mass-selected
The interpretation of the observed spectra of;GHAr, CH; —Ar, clusters =1-8) into predissociating vibrational
was greatly facilitated by the comparison with known spec-evels and monitoring the CH-Ar,, (m<n) fragment ion
troscopic properties of CHand CH,. All four fundamentals  current as a function of the excitation frequency. The experi-
of CH; (v,—v,4, Table ) and several overtone and combina- ments were carried out in a tandem mass spectrometer com-
tion bandg2v,, 3v,, nvy(n<4), andv,;+2v,] have been prising an ion source, a first quadrupole mass filter for se-
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FIG. 2. Mass spectrum observed after excitation ofitheibration of mass

FIG. 1. Mass spectra obtained with the mixtures He:Ar=1:100:500  selected CH—Ars complexes. Fragment ions GHAr,, with m=1, 2 are
(@) and CH,:H,:He:Ar=1:25:100:50Qb) at 5 bar stagnation pressure. Due produced by laser action, while the signalmat4 originates from meta-
to saturation effects, relative intensities can be compared only for peaks withtable decay.
intensities of less than 5 a.u. The spectra are dominated by ions of the form
CH:, CH; [andlor GH;-(H,), andfor CH —CH,], ArH; and
CH. —Ar. Though the addition of Hincreases the relative abundance of fragment peaks witm=1 and 2 arising from laser action,
CHj vs other CH ions, it does not enhance the absolute ion currents ofwhile the small peak am=4 originates from metastable
I +— g . .
either CH or CH; ~Ar. decomposition. As the spectra recorded in different fragment
channels were observed to be very similar, only one is pre-
lecting the parent complex, an octopole ion guide where théc,ented in the respective figures.
' Tunable IR radiation was generated by a Nd:YAG laser

cluster ions interact with the IR radiation and eventually dis- : .
. pumped optoparametric oscillat¢pPO system character-
sociate, a second quadrupole mass spectrometer for selecti 1 . .
: : : iIzed by 0.02 cm* bandwidth, 5 ns pulse duration, 20 Hz
the fragment ions of interest, and an ion detector. I .
. . repetition rate, a tuning range of 2500—6900 ¢nand an
Cluster ions were produced in a pulsédd Hz and . . :
. . . S intensity of 0.5—5 mJ/pulse depending on the wavelength.
skimmed electron impact supersonic expansion ion sourc . :
. . : he laser power measured with an InSb photovoltaic detec-
The optimum gas mixture for the production of ¢HAr, . ) .
tor was used to normalize the photofragmentation signal as-

complexes contained GHHe, and Ar in a ratio of approxi- suming a linear power dependence. The recorded spectra
mately 1:100:500 at 5-8 bar stagnation pressiig. l(a]. were calibrated against known infrared absorptions of;NH

The qluster distribution cquld be shifted to Igrgerby n- nd HDO using the signal and idler outputs of the OPO
creasing the Ar concentration and the stagnation pressure. rh

4 i -
agreement with previous studi&saddition of H, enhanced aser*® A small Doppler correction was added t_o the mea

. . . sured wave numbers to compensate for the kinetic energy
the relative production of CH and CH with respect to

other CH ions [Fig. 1(b)]. However, the absolute ion cur- (several eV of the ions in the octopole. The uncertainty in

rents of CH —Ar, complexes were not improved as Ebm- the ion kinetic energy and the laser bandwidth limited the

. ) . . absolute precision of line positions to 0.01 ¢
peted with Ar in the clustering reactions. Furthermore, the Spectra of CH—Ar, clusters withn=2—8 were re-

X o i :
CH, co_ncentratlon -had. to be kept below 1./0 in order to aVOIdcorded between 3100 and 3200 chwhich corresponds to
extensive polymerization reactions leading to largeH{ the region of the strong infrared active asymmetric CH
ions. X . ;

Due to the hiah binding ener of GHAr stretching fundamental of CH(v3). Because of its high

13 g naing  energy binding energy (3958700 criY),*® the CHj—Ar dimer

f;:rﬁof)e?(g;nw?{mihgeaphzg?elzsﬁct'ﬁgojnsflfilr;fn?;f\ﬁn does not predissociate from thg and v; (symmetric CH

P =< app ) } frag stretch vibrational states. Consequently, only hot band tran-
channel where it interfered with the signal arising from rneta'sitions terminating at levels above the lowest dissociation
stable decay of internally hot complexes in the octopole. In
order to separate these two contributions the nozzle of the
ion source was triggered at twice the laser frequency, and tHBABLE Il. Calculated CH bond lengthr§ and scaled harmonic frequencies
laser-off signal was subtracted from the laser-on signalof CH; (Dsn) compared to available experimental values. IR intensities
Larger clusters §=3) could shed more than one Ar atom Km/mo) are given in brackets.
following absorption, as the photon energy substantially ex- ; v @) v, (a) s (&) va (€)
ceeded the binding energy of the Ar ligands wiih>2 Level A (eml  (cm (cm™) (cm™
(=700 cm'Y).*2 Therefore, only little interference with the

metastable decay signal was observed, which mainly 0‘53?5/6-311@ ig;g? 29240)  1387(5) 3108 (130 1400133
curred in them=n—1 fragment channel. For a given pare_nF MP2/A 1.0845 29140) 1357(7) 3108 (140 1377(31)
cluster size, the observed range of fragment channels arisingr2/B 1.0844

from laser induced dissociation was rather small. For exexpt ~1.087 1380+ 20F 3108.4

ample, the mass spectrum measured with the second quad.aﬂ—

L eference 13.
pole mass spectrometer after photoexcitation of mass Segeference 20.
lected CH —Ars complexes(Fig. 2) exhibits CH—Ar,  Reference 22.
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TABLE lIl. Structure, scaled harmonic frequencies, and energetics of the global minimum stri@tyyeof CH; —Ar. IR intensities(in km/mol) are given
in brackets.

r R 0 E; Ex De v (ay) vy (ap) vs (€) vy (€) vs (ay) v, (€)
Level A) A) (em™®)  (em?  (ecmY (em™} (em™h (em™®  (em?H  (em?H)  (emY
HF/B 1.0754 2.3617 93.2 2332.7 309.6 2023.1 2959 1338 3145 1406 157 632
® (12 (103 (28) (1349 1)
MP2/6-311G 1.086 2.374 93.8 3740
MP2/A 1.0786 1.9884 99.0 7781.6 2206.0 5575.6 2961 1331 3136 1395 370 945
(6) (19 (79 (29 (247 0)
MP2/B 1.0795 1.9543 99.6 8912.3 2501.2 6411.1

*Reference 13.
bSingle point calculation at the MP4/6-311Gevel (D= 3290 cmY).

threshold can be detected in theuth range by the present ta| value for thev, frequency of CH. The tables also in-

experimental approacte.g., s« v3). However, excitation 4o available experimental data and results of a previous
of two quanta of the CH stretch vibrations of CHs suffi- o . _

. ) . L . ab initio calculation on CH-Ar, complexes (=0-3)
cient to induce dissociation of the dimer, and therefore theR ¢ 13 at the MP2/6-311G level of th
range between 5700 and 6700 chwas also examined in (Ref. 13 at the ; ) evel ot theory.
order to locate the overtone and combination bands, 2 The calculations for the CHmonomer were conducted

2v,, and v, + v of CHf —Ar and CH —Ar,. to investigate the changes of its properties induced by the
complexation with Ar ligands. As expected, geometry opti-
. AB INITIO CALCULATIONS mizations resulted at all levels of theory iDa,, equilibrium

) _ _ ) structure[Fig. 3(@) and Table I] with a CH bond length in
To guide the interpretation of the experimental results, ., <onaple agreement with the experimental vAluehe

ab initio calculations have been pe rformed using @@ss scaled harmonic frequenciésther thanv;) were also close
IAN 94 program packag®. The basis set used for the mono- . . o
. ) : . to those derived from experiments and the nonrigid inverter
mer and dimer consisted of an Ahlrichs VTZ basis aug-
model (Tables | and I).

mented with diffuse and polarization functions taken from - )
the aug-cc-pVTZ basis setbasis B.*® The contraction The global minimum found on the GH-Ar intermo-

scheme can be described as B8p2d)—[4s3p2d], lecular potential energy surface corresponds ©G.a (* 7
C(11s7p3d2f )—[7s4p3d2f], and Ar(1310p3d2f)  bound”) configuration, whereby the Ar atom is attached to
—[8s6p3d2 f]. For the larger complexe:i2), the basis the empty 2, orbital of CH; [Fig. 3(b) and Table Il]. The
was reduced by removing the functions on H and thd Ar atom donates electron density into this strongly electro-
functions on C and Ailbasis A. All coordinates were al- philic orbital which significantly distorts the CHmoiety. It
lowed to relax.durmg the search for stationary points. Eor theyppears that complexation with Ar transforms &y hy-
evaluation of intermolecular well depth®¢) the energies  yigization in the planar CH monomer towards thep® case
?ot;taér;i?sfrgg tZi geerome.:.ry optlmlzatlo_n WetLe first cotrrectgqeading to a pyramidal-like structure of GHA.

PErposition €error using the COUNIETPOISE  , ihe HF level of theory(HF/B) the CH bond is short-

method of Boys and Bernarfif. The energies derived in this . . .
manner E,) were further corrected for the relaxation ener- ened by 0.004 A upon complexation with the first Ar atom,

gies E,) that arise from the changes in the geometry of theWh”e the angled ir?creases from 90° to 930;;”‘3 energy for
monomefs) upon complexatioft® The results of the calcu- this CH; deformation amounts t,=310 cm *. According
lations are summarized in Tables II-V and Figs. 3 and 4to the Mulliken analysis, the formation of the intermolecular

Evaluated harmonic frequencies at the tMP2) level were  bond (D,=2023 cm?, R=2.36 A) is accompanied by a
scaled with the factor 0.91@.942 to match the experimen- charge transfer ch Q~0.1% from Ar to C. The inclusion of

TABLE IV. Calculated structural and energetic properties of isomeric structures of t§e-@Hdimer [Figs.

3(b)-3(d)].
r(rq/ry) R 0l ¢ E; E, D¢
Structure Level A A (cm™  (eml)  (ecm}
m-bound MP2/B 1.0795 1.9543 99.6 8912.3 2501.2 6411.1
(CBU)
Vertex-bound MP2/B 1.0868/1.0845 3.5147 119.6 679.7 1.5 678.2
(Cy) MP2/6-311G  1.090/1.090 4.000 119.9 385
Side-bound MP2/B 1.0843/1.0843 3.4096 119.4 595.8 1.7 594.1
(CZU)

aReference 13.
bTransition state.
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TABLE V. Comparison of calculated geometries, frequencies, and binding energiesjefAZHcomplexesn=0-2, Fig. 3. IR intensities(in km/mol) are
given in brackets.

r R(R;/Ry) [ D, 121 v, V3 vy
n Symmetry Level/basis A R (cm™ (cm™) (cm™) (cm™) (cm™h
0 [DE MP2/A 1.0845 2912(0) 1357 (7) 3108 (140 1377 (31
1 Cs, MP2/A 1.0786 1.9884 99.0 5575.6 2966) 1331 (19 3136 (74) 1395 (29)
2 Cs, MP2/A 1.0778 2.0424/2.8776 97.5 767.6 2969 1303 (36) 3149 (77) 1389 (22)
(D MP2/A2 1.0771 2.3692 90.0 2219 2968) 1269 (75) 3168 (94) 1380 (19
D3hb MP2/6-311G 1.085 2.620 90.0 980

aTransition state.
PReference 13.

electron correlatiofMP2/B) causes the intermolecular bond Two further structures of the dimer potential energy sur-
to become drastically stronger and shortefD, face have been investigatédiable IV, Fig. 3. The planar
=6411cm?, R=1.95A). Consequently, the CHgeom- vertex-boundC,, structure[Fig. 3(c)] turned out to be a
etry is more affected by complexation. The CH bond shrinkdocal minimum, whereas the side-bound pla@y, geom-
by around 0.005 A, while the anglé increases to nearly etry [Fig. 3(d)] represents a transition state. Both structures
100°. The stronger monomer distortion is reflected in a largepossess significantly weaker and longer intermolecular bonds
relaxation energy oE,=2501 cmt. The amount of trans- (D.=678 and 594 cm') compared to the global minimum
ferred charge increases as wel@~0.3¢). To investigate configuration(D,=6411 cm!, MP2/B). Consequently, the
the influence of the Ar atom on the GHnonomer, several CH; monomer is nearly unaffected by complexation, which
properties of the dimer were calculated at various intermois also reflected in the negligible monomer distortion ener-
lecular separation® of the Ar atom along theC; axis of  gies (E,<2cm 1). As almost no charge is transferred from
CH;. Figure 4 illustrates the dependence of the structurafr to the CH; moiety (AQ<0.02), induction interactions
parametersr and 6), the transferred chargeAQ) and the dominate the attractive part of the intermolecular potential
energiesE, andD,) on R. for these two planar hydrogen-bonded structures. The prop-
It appears that the lack of polarization functions in theerties obtained for the vertex-bound local minimum agree
previous MP2/6-311G calculatibhled to an underestima- only qualitatively with those reported previously
tion of the intermolecular bond strength in the CHAr  (MP2/6-311G,*® as the inclusion of polarization functions in
dimer. The results of that studR=2.374 A, #=94°, AQ  the present work increases the bond strength by nearly a
=0.17, D,=3740 cm}) are close to those obtained in the factor 2(Table IV).
present work at the HF level using somewnhat larger basis The barrier for internal rotation of the GHunit within
sets (Table Ill). In contrast, at the MP2/B levelD the CHj—Ar dimer can be roughly estimated as
=6411 cmY) the intermolecular bond strength is somewhat~6000 cmi * (MP2/B) from the difference of the energies of
overestimated, while it is well reproduced at the MP2/Athe 7-bound global minimum and those of the side-bound
level (D,=5576 cmY). Estimation of the zero-point energy and vertex-bound structures. As this barrier is much larger
correction by considering only the intermolecular frequen-than the rotational constant of GH(B~9.4 cm Y, the
cies givesD,~4450 cmi! at the MP2/A level, which falls internal rotation is completely quenched. The large angular
within the error limits of the experimental value-AH,  anisotropy of the CE—Ar intermolecular potential is also
=3950+ 700 cmr ). 13

T<
-
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FIG. 3. Structures of CEAr, complexes §=0-2): (@ n=0 (Dg,); (b)

n=1, 7-bound global minimum C,,); (c) n=1, vertex-bound local mini-  FIG. 4. Various properties of CH-Ar (C3,) as a function of the intermo-
mum (C,,); (d) n=1, side-bound transition stat€{,); (e) n=2, global lecular separatiofR (evaluated at the MP2/B level(a) A 6= 6—90°; (b)
minimum (Cs,); (f) n=2, transition state@s,). AT =T complex— 'monomen (C) transferred chargaQ; (d) energiess, andD, .
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mirrored in the high harmonic, intermolecular bending fre-description of the intermolecular bonds in CHAr and
quency of the m-bound Cg, structure (v,=945cm’,  CHI-Ar,.

MP2/A), which is substantially larger than the corresponding
intermolecular stretching frequency=370 cm'1).
The previous calculation predicted the symmefdig,  A. CHJ —Ar dimer

structu;ethwng twc;\eqtu'walent Af\r a“;fns afs t?fT%IOpatl mini- Figure 5 reproduces the recorded photofragmentation
mum of the CH—Ar, trimer surfacdFig. 3(f)]. € I8 spectrum of the CE—Ar dimer. A weak, unresolved and

molecular separation increased from 2.374 to 2.620 A UPOR -  feature (FWHM130 cm'Y) is observed at
the attachment of the second Ar atom, resulting in a signifiﬂ3145 e, i.e., close to the strong transition of the asym-
cant drop in the incremental dissociation ener@g)X from e stretching vibration of the monomer vy
3740 cm* for n=1 to 980 cm* for n=2."% In the present _310g4 cm?). However, the »; frequency of the

study the symmetriD g, structure is also calculated to be the complex is well below its lowest dissociation threshold
global minimum at the HF/B level. Howeve_r3 at the MP2/A (< 4% 16® cm™Y) and therefore the; fundamental cannot
level this structure becomes a transition stat®e ( appear in a one-photon photodissociation spectrum. Conse-
=222cm') between two equivalenCs, global minima guently, the broad feature is attributed to overlapping se-
[D.=768cm*, Fig. 3e)]. The latter contain two non- guence transitions of the type,+ v« v, where v, repre-
equivalent Ar atoms with substantially differing intermolecu- sents a vibration with a frequency in excess~of0®> cm~L.
lar separationéR; =2.04 A, R,=2.88 A). The configuration The symmetric stretching modev{) has a slightly lower
can be described as a pyramidal GHAr dimer core that is  frequency tharv; (2900< v, <3000 cnt %, Tables I-11) and
only little perturbed by the second Ar atom. The slight de-is dipole forbidden for the monomer. However, due to sym-
stabilization(lengthening of the intermolecular bond to the metry reduction it becomes weakly allowed in the complex.
first Ar atom is accompanied by a small decrease, i, and  Therefore, the red wing of the broad feature
the transferred charge. These observations are in line witf<3000 cnit) may also contain sequence transitions of the
the trends shown in Fig. 4 for increasimyin the CH; —Ar  form v,+ v, v,. The presence of hot bands is a character-
dimer. The second Ar atom donates only little charge to thdstic feature of the spectra of other ionic complexes produced
CHy ion, implying that this weak bond mainly arises from under similar experimental conditions in this ion source. A
inductive interactions. further contribution to the photodissociation signal in this
The calculated intermolecular bond lengths for the sym{requency range may arise from resonant two-photon absorp-
metric transition statelfz,) areR=2.37 A, i.e., intermedi- tion via the vz (or v;) intermediate state. Neglecting the
ate between those of the global minimufs(). According  effects of cross anharmonicities, the frequency of the
to the Mulliken analysis, there is only little charge trans- CHz —Ar complex can be estimated from the weighted aver-
ferred from the two Ar atoms to the central ion, indicating @9€ Pposition of the observed broad feature as 3145
that both bonds are governed by polarization forces. The=30 ¢cm ', in good agreement with the scaled initio fre-
difference between the energies of the global minimum andueénciesTable Ill). This value is closer to the; frequency
the transition state corresponds to the barrier heiylg for ~ ©f the Ch radical (3160.8 cm?) (Ref. 49 than to that of

H =1\ 20
the umbrella-type tunneling motion of the complex, which e CH; ion (3108.4 cm”). _ _
amounts to 550 ciit at the MP2/A level of theory. As the frequencies of the first CH stretching overtones
Apparently, the nature of the stationary point wih;, exceed the dissociation threshold of the complex, they can be

symmetry on the trimer potential energy surface Sensitivelyﬁ,een in the photodissociation spectrum as transitions origi-

depends on the computational level. Calculations conducte'aatir}g fdrobm t0f|1e vibratiot?a}tl grougc;oztatec.j g%%roélgtiosnally
at the HF/A and MP2/6-311GRef. 13 levels predict the resoived bands appear between an CRig. 5,

D3, structure to be the global minimum. However, both ap-gabtlﬁevlg's;hi;\r'l'g\;zztﬁf (%mogzlec_%’t?:gizzlﬂ::nej areer lggtzd
proaches underestimate the strength of the intermolecul.?ry ' g upp

. ifetimes of at least 250 ps. Two transitions, with origins at

bond to the first Ar atom due to the neglect of electron cor- _ o
. . o - 6191 and 5912 cit, exhibit the structure expected for a
relation in the first case and the lack of polarization functions

L . arallel transition in a prolate symmetric top molecule. The
for the geometry optimizations in the second case. On th%

IV. EXPERIMENTAL RESULTS AND DISCUSSION

: ) ther three bands are perpendicular transitions, with band
Othfr hand, - the structqral and energetic properties o enters at 6243, 6028, and 5870 ¢nand strong unresolved
CH; —Ar, (n=0-2) obtained at the MP2/A level are con- Q branch heads of the respectiseK =*1 subbands. For

sistent with the experimental results discussed below. In paky o strongest subbands, seriesfofind R branch lines 4J
ticular, splittings in the spectra of the=2 complex attrib- _ +1) could be identifiéd as well.

utec+i to the inversion motion of the C;Hcorg within the The vibrational assignment of the observed bands is
CHz —Ar; trimer confirm that the&s, geometry is indeed the pageq on their structure, position, and relative intensity, and
global minimum. Furthermore, the intermolecular well 5y 5ilaple experimental and theoretical data for the!Giid
depths De) for CH;—Ar and CH-Ar, of 5580 and CH; monomers. As the Ar atom is attached to thg Brbital

770 cm ! calculated at the MP2/A level are consistent with of the CH§ moiety its influence on the in-plane vibrational
the measured bond enthalpies of 3850 and 790 frequencies of the core iofv;, vs, andv,) is small. Three
+70 cm ™, ** adding some evidence that the level of theoryovertone and combination bands of the CH stretch vibra-
employed in the present work may be sufficient for a reliablg;jons, namely 25, v;+ vz, and 2;, are anticipated in the
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FIG. 5. Overview of the photodissociation spectrum of GHr in the region of the first CH stretch overtones. The inset shows the spectrum in the

frequency range.

studied spectral range with intensities and transition frequenf ABLE VI. Spectroscopic constants of vibrational states of

GHAr ob-

cies dropping in the above-mentioned order. The four strongined from the fit of experimental line positicrts the Hamiltonian given
ger bands in the CH stretch overtone range of th%‘*QAr

spectrum are assigned as indicated in Fig. 5 and Table VFE

The parallel band at 6191 crh and the perpendicular band

at 6243 cm* (Fig. 6) are attributed to the transitions into the

a, (I1=0) ande (I=2) components of the first; overtone.

These two bands occur at roughly twice the frequency of the

unresolved feature at 3145(30) cmassociated with se-

guence bands involving;. The observed red shift arises

from anharmonic effects. The splitting between fheande
subcomponents of & (~52cnil) would correspond to
49, if the off-diagonal interactions betweerwgda;) and
2vg(a;) and between v;+v(e) and 2vg(e) were
neglected® The perpendicular band at 6028 this as-
signed asvq+ v3(e) combination band IE1), while the
parallel band at 5912 crt is interpreted as 2 (a;) over-

tone(Fig. 7). Whenever the construction of lower state com-
bination differences was possible, they confirmed that the
rotationally resolved bands originate from the same vibra-
tional level, the ground state of the complex. The weak per-

pendicular transitior(denoted X with origin at 5870 cm*

has not been assigned yet.

The proposed vibrational assignment is compatible with
the expectation that the partial charge transfer from the Ar
atom to the Clg core should shift the CH stretching frequen-

cies towards those of the neutral €khdical. Table | com-

pares the vibrational origins of the assigned bands in the

photodissociation spectrum of GHAr with known or pre-

dicted vibrational frequencies of the methyl radical and itsiLine positions are available upon request.

in Eq. (1). Values in brackets correspond te 2onfidence limits.

Vibrational state Molecular constant Value (chh

ground state &) B 0.35275%32)
D; (X10F) 2.1465)
D (X10% 1.0037)
Dy (X10% 2.6(7.6)

2v; (a1) v 6191.05811)
AA —0.0777(26)
B 0.3530234)
D, (x10P) 2.6270)
Dk (X104 1.3941)
D¢ (X109 2.57.7

2v; (e) vo— 2AE 6242.56615)
A(1-2¢) 5.53911)
AA —0.065(13)
B 0.3520252)
D, (x10P) 6.03.1)
Dk (X104 1.81(87)
D¢ (X109 31(14)

2v, (a;) Vo 5911.93611)
AA —0.0853(48)
B 0.3515731)
D; (X10F) 2.3654)
Dj (X10% 0.9239)
Dy (X10% 13.48.6)

vit+vy (€) vo— A& 6027.7Q17)
A(l-¢-B 3.96622)
AA—AB —0.115(13)

X (e) vo—Al& 5870.23)
A(l-18)-B 4.065)
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FIG. 6. Photodissociation spectrum of the;2e) band of CH —Ar with assignments of th& .« K Q branches. The inset shows-10 subband in more
detail, along withP andR branch line assignments.
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FIG. 7. Photodissociation spectrum of the;2band of CH —Ar (bottom). The top trace shows the center of this parallel transition along with assignments
of the unresolved branches and thB andR branch rotational lines of thAK, =0 subbands.
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cation. The vibrational energies of the ¢HAr complex are

Olkhov, Nizkorodov, and Dopfer

laser resolution (0.02 cnt). The largest deviations are ob-

in all cases bracketed by the corresponding frequencies aferved for partly overlapping lines and the few transitions

CH; and CH. Moreover, they are much closer to the £H

involving high K values K=3) for which higher order

values indicating that the amount of charge transferred fronterms neglected in the Hamiltonig) may be significant.

the Ar atom to the P, orbital of CH; is substantial, in
agreement with thab initio calculations.

For the fits of the perpendicular bands+ v; and X only Q
branches(11 and 5 data points, respectivelyere used to

The positions of the CH stretching vibrational bands ofdetermine the respective molecular constafigble VI).
CH; —Ar can be described with reasonable accuracy by a The observed rovibrational transition frequencies do not

local mode-coupled Morse oscillator mod&0nly three pa-
rameters, a frequencyw(,), an anharmonicity constany(,)
and an interbond coupling parameteyr,§ are necessary to

allow for the independent determination of the molecular
constantA”, A’, &5, andyg(e). Even if this were the case,
isotopic substitution experiments would be required to de-

describe the fundamentals, overtones, and combinatiojyce both the angle and the intramolecular C—H bond
bands of identical local mode oscillators. The parameters obangthr from the rotational constants. Therefore, the C—Ar
tained from a least squares fit of the complex’s transitiongeparation R was estimated from theB constant

[w,=3183(28) cm?, xm=—51(3) cm?, Am=
—51(11) cml] are similar to those of CHand its deuter-
ated isotopomergw,,=3223cm?, y,=—-55cm?, \,=
—54.2 cm4).23 The fit predicts the frequency of thg sym-
metric stretching vibration of CH-Ar as 2979 cm?, which
is again closer to the respective g¥hlue (3004 crm?) than
to the one predicted for CH (2901 cmt). Moreover, it
agrees well with the scalemb initio frequencies of 2961 and
2959 cm! evaluated for CH—Ar at the HF/A and MP2/B
levels.

The assignment of the rotational quantum numbérs

andJ in the observed transitions was based on several fac-

tors. For perpendicular transitions, tke=1—0 Q branch
head is expected to be the strongest feature in the gagd

6). TheK=0+«0 subband of parallel transitions can also be

identified by its relative strength and the lack ofQabranch

(Fig. 7). Other subbands of the parallel transitions have weal

Q branches and their positions are linked together vi€¢a
dependence. The assignment can be verified by the obser
tion of missing rotational lines witlh<K in the P andR

(0.352 75 cm?) assuming that the CHmoiety adopts the
structure predicted by thab initio calculations(6=99.0°,
r=1.0786 A, MP2/A. The distance calculated in this way
amounts to 2.018 A, which is in reasonable agreement with
the ab initio value of R,=1.988 A (MP2/A). Treating the
complex as a pseudodiatomic with an undistorted monomer
structure yields a similar separation RE=2.053(3) A, and
a harmonic intermolecular stretching force constant of
51(17 N/m with a corresponding frequency of
281(46) cml. It is noted, that theab initio structure for
CH; —Ar given in Ref. 13 gives & constant (0.263 ci)
well below the experimental value due to a significant under-
estimation of the intermolecular interaction.

The intermolecular bond length in GHAr (R
~2.0 A) is comparable to the Ar—H separation in the rela-

fively strongly bound Ar—HI ionic complex(R~1.9 A,

Do~2780cm?).>! Though the binding energy of the

\)gH;—Ar complex is apparently higher, the larger size of the

carbon atom does not permit a closer approach compared to

branches. However, this criterion is not always conclusivéh€ linear proton-bound Ar—HN complex. A comparison

due the overlap of interfering lines. Finally, thé assign-

with the geometry of CECI is also interesting as it is iso-

ments were consistent with the nuclear spin statistics for &lectronic with CH —Ar, but has a fully developed covalent
Cs, molecule with three equivalent protons, which gives risePond. The structural parameters of {H are rcy

to a twofold statistical weight for bands originating frdfn
=3n (n>0). This distinct intensity alternation could be
seen in the recorded spectra.

=1.085A, rc=1.776 A, and#=108.6°>? As expected,
the stronger bond in methyl chloride D{=3.57 eV
~28 800 cm?) (Ref. 53 leads to a shorter interatomic sepa-

The line positions of the rotationally resolved bandsration and a larger interbond angle, which is typical for an
were least-squares fitted to a standard semirigid prolate syn&p° hybridized carbor{¢=109.5° for CH).

metric top Hamiltonian taking into account first order Cori-
olis coupling®

F(J,K)=vo+BJ(J+1)+(A—B)K2—D;J%(J+1)?

—DyJ(J+1)K2—DyK*—2¢IAK. (1)
For vibrational states witla; symmetry the vibrational an-
gular momentuni is zero. The transitions into theanda,
components of 25 (117 and 87 lines, respectivelyere
fitted together with the 2, band (132 lineg to obtain the

The binding energy of CE-Ar may also be compared
with those of the related CH-Kr and CH —Xe complexes.
The observation of the first; overtone and the lack of the
v3 fundamental in the CEH-Ar photofragmentation spec-
trum allows to bracket the complex’s binding energy be-
tween 3150 and 5900 cm, in agreement with thermo-
chemical measurements (1%3 kcal/mok3950
+700cm?) (Ref. 13 and the ab initio predictions
(=4450 cm't, MP2/A). The methyl cation binding energies
of Kr and Xe have been measured as 47275 and 55.2

molecular constants for the ground and the respective upper 2.5 kcal/mol, respectivel§>* The relatively large binding
vibrational states. The molecular constants from this simulenergies of CH—Kr and CH, —Xe indicate that the bonds

taneous fit (rms0.025 cnY) are summarized in Table VI. between CH and the rare gas atoms Kr and Xe are domi-
With a few exceptions, they could reproduce all experimennated by covalent interactions rather than electrostatic
tal lines of the 2, 2v5 (€), and 25 (a;) bands to better forces>**°For a large number of molecules a linear correla-
than 0.02, 0.03, and 0.05 ¢rh which is of the order of the tion between their proton and methyl cation affinities has
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FIG. 8. Photodissociation spectrum of thgband of CH —Ar, with assignments of thk K Q branches. The inset shows the structure of the0land
21 subbands in more detail.

been found. However, in contrast to the rare gas atoms Kinto two componentg¢Table VII). No such splitting was evi-

and Xe, this relation does not hold for Ar, as it predicts fordent in the spectrum of the GH-Ar dimer.

CH; —Ar a binding energy of 44 kcal/mgRef. 54 which The observed splitting in the trime#; band is most

substantially deviates from the above-mentioned experimerprobably due to inversion tunneling. Thad initio calcula-

tal andab initio values. The fact that the relation is valid for tions at the MP2/A level predict for the trimer compleg,

Kr and Xe indicates that it may hold only for molecules or minimum structure with two nonequivalent C—Ar bonds.

atoms which form strong covalent bonds with Cend H'. The barrier for inversion via the symmetrig,, transition

Thus, it appears that the bonding mechanism inJGRg  state was calculated to be rather low %50 cniY). Conse-

complexes sensitively depends on the attached rare gas atayuently, it is conceivable that the two Ar atoms can exchange

(Rg), whereby the character of the bond changes frontheir roles in an intracluster inversion process. This tunneling

mainly electrostatic to mainly covalent as the size of the rarenotion splits all energy levels of the GH-Ar, complex into

gas increases. two sublevels(inversion doublet8® where the vibrational

B. CHY—Ar. trimer wave _function of one cqmponent is symmet_r's) @nd the_
TS 2 other is asymmetricg) with respect to reflection at the ori-

The photofragmentation spectrum of the SHAr, tri-

mer recorded in the CH-Ar fragment channel is depicted in

Fig. 8. As the binding energy of the second Ar atom intagE vii. positions (in cm™Y of the two Q branches of theK}—K,

CH;—Arz (=800 Cmil) (Ref. 13 is significantly smaller subbands §~s/a—a) in the v photodissociation spectrum of GHAT,

than the vibrational frequencies of GHthe CH stretching  arising from inversion doublin.

fundamentals of the trimer may be visible in its photodisso-

ciation spectrum. Indeed, the; band of CH —Ar, was ob- KaKa S—s aa
served as a strong transition with an origin at 3152 tnie. 34 3120.95 3121.44
slightly blue shifted from the broad unresolved feature at 23 3129.66 3130.09
3145+30 cmi t in the CH; —Ar dimer spectrun(associated clfi giigg? giigg;
with v, + v3+ v, sequence transitionsThe rotational struc- l:ob 3156.24(3'156.05 3156.56
ture of this transition has the form appropriate for a perpen- 241 3164.10 3164.67
dicular band of a prolate symmetric top molecule, with the 32 3172.38 3172.90
threefold rotational symmetry supported by the enhanced in- 43 3180.64 3181.17
54 3188.75 3189.30

tensities of the subbands originating frag=3n (n>0).
However, allQ branch heads appear as doublets separateincertainty is 0.02 crt.
by approximately 0.5 ct, indicating that the band is split This Q branch is split into three componeritiue to a perturbation




10056  J. Chem. Phys., Vol. 108, No. 24, 22 June 1998 Olkhov, Nizkorodov, and Dopfer

a Y B — does not significantly change upen excitation®® The mag-
S 1 — nitude of the ground state splitting can also be estimated
from the observed relative intensities of thes—s anda—a

subbands (120.1). Assuming that the population of the
inversion doublets can be described by the same temperature
as the distribution of rotational level20-30 K), the split-
— ting can be estimated as 32 cm L. Finally, it is noted that
- - splittings calculated from the solution of a one-dimensional
a) AR=£1 b) AK=0 Schralinger equation employing a double minimum model
FIG. 9. Allowed transitions between the two inversion tunneling compo-potential with a barrier of 300—-600 crhare of the order of
nents in a perpendiculde) and parallel transitiorfb) of a symmetric top.  0.1—5 ¢t (depending on the detailed shape of the poten-
molecule withC,, symmetry. tial), compatible with the conclusions derived from the ex-
periment.
The weak perpendicular band at 2279 cm ! can ten-

gin (Fig. 9. In pyramidal XY; molecules, like HO* and  tatively be assigned as tleecomponent (=2) of the 2,
NHs, the inversion splitting significantly depends on the vi- 0vertone of CH-Ar,, as the v, frequency is around
brational quantum state of the systéit increases rapidly 1400 cm * for both CH; and CH;, and the Ar complexation
with the degree ofv, excitation (umbrella motion, but  induced frequency shifts are calculated to be small for this
changes only slightly upon excitation of the symmetric andvibration. The alternative scenario that the bands at
asymmetric stretching vibratiori, and v). The selection 2981 cm* and 2770 cm' may in fact represent the two
rules for a perpendicular transition oGy, molecule under- subcomponents of thev; transition can be excluded,
going inversion are such that only tilse-s and a—a sub-  because the average of the positions of the two bands
bands are allowedFig. 98)]. Consequently, the observed (=2880 cni?) is significantly lower than the value expected
splitting in the v transition corresponds to thifferencein  for the v; frequency of the complex. In addition, the widths
the inversion doubling of the loweground and upper ¢5) and shapes of the bands would not be consistent with such an
vibrational states. In the case of ¢HAr,, the separation of assignment.
the Q branch doublets and their relative intensities implies ~ The v3 spectrum of CH—Ar, exhibits partly resolved
that the inversion splitting increases by0.5 cm * upon v, rotational structurdFig. 8. SeveralP and R branch lines
excitation. This is in contrast to NHand O™ where the  surrounding theK=1+0 and 2—1 Q branches could be
splitting in the v, state is smaller than in the ground state. identified. In contrast, IR spectra of similar trimeric ionic

One way to determine the absolute size of the splitting incomplexes containing Ar atonig.g.,v; of HCO"—Ar,, v,
each of the vibrational states is the direct measurement of thef NHZ—Arg) (Refs. 31, 32 did not show rotational sub-
inversion spectrum for the ground state of the complexstructure because of homogeneous and/or inhomogeneous
However, such an experiment is difficult to perform if an broadening. In the present case the symmetry of the system,
approximate value for the splitting is not available. Alterna-the relatively large rotational constants, and the sufficiently
tively, the magnitude of the splitting can be estimated fromlong predissociation lifetime made rotational resolution pos-
the observation of a parallel transition of the complex, whichsible. According to the nuclear spin statistiés, rotational
should consist of two subbands separated bystivaof the  levels of an invertingC;, molecule with three equivalent H
inversion doubling splittings of the lower and upper vibra- atoms are missing. Consequently, e 1—0 subband of
tional statedFig. Ab)]. Therefore, thev, transition of the the v3 s—s transition does not contain lines with odd
complex was searched for. The transition should be visiblevhile the v; a—a transition lacks lines with eved. The
as long as the inversion frequency is much lower tharvthe separation between successReandR branch lines for ei-
frequency. Two extremely weak bands were located athers—s or a—a transitions should therefore be of the order
2981+3 and 277@2 cm . Their intensities were almost of 4B for the K=1<0 subband and B for all other sub-
two orders of magnitude lower than that of thg band. bands in agreement with the experimental observatiae
Despite the poor signal to noise ratie=) their band type insert in Fig. 8 forK=1-—0 andK=2+1).
could be identified as parallel and perpendicular, respec- A fortuitous circumstance allowed for the resolution of
tively. The position of the former band is very close to thethe rotational structure in thé =10 and 2—1 subbands.
prediction for thev, frequency of CH—Ar derived fromthe The P and R branch lines originating from the inversion
local mode model (2979 cit) and theab initio calculation  doubletss—s anda—a are nearly coincident, which causes
(2964 cm't, MP2/A). Moreover, the width of this band the observed rotational line widths to be significantly broader
(=20 cm'Y) exceeds the width of other individual bands in (>0.05cm®) than the laser bandwidth of 0.02 ch
the CH; —Ar, spectrum &10 cm ). Consequently, it was The absence of any resolved rotational structure in other
concluded that the band centered at 288Icm * contains K=m«n subbands may therefore partly arise from the
both subcomponentéa—s and s—a) of the v, transition.  overlap ofP andR branch lines of the—s anda-a transi-
From the width of thev, band the inversion splitting of the tions. This overlap reduces the precision with which the
ground state of the CH-Ar, complex can be estimated to be complex’s rotational constants can be determined. From
smaller than 7 cm'. This value is based on the assumptiona fit of the K=1—0 subbandP and R branch lines
that, similar to XY; molecules(H;0", NH,), the spliting (28 transitiongto a pseudodiatomic Hamiltonian the follow-

a
S
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ing molecular constants have been extracted:
B”"=0.0358(3) cm?, ~ D”"=2.0(8)x10 °cm, B’ n—m
=0.0350(3) cm?, andD’=1.3(8)x10 % cm™ .
The ground state rotational constant of the ;GHAr,

trimer corresponds to an Ar—Ar separation of 4.84 8>3
+0.02 A, which is relatively insensitive to the position of
the CH, unit on theCj, axis. Assuming that the first Ar
atom is separated from the carbon atom by the same amount 72
as in the CH —Ar dimer complex R,=2.02 A), the second
ligand is estimated to li®,~2.8 A away from carbon. This 62
implies that the carbon atom moves by as muchA#s
~0.7 A (in the center-of-mass coordinate sysjemhile
crossing the inversion barrier, explaining the relatively small 5=

4 -

3

magnitude of the inversion splitting. Theb initio calcula-
tions predict for the two C—Ar separations in t8g, equi-
librium geometry of the trimer values d®,=2.04 A and
R,=2.88 A in close agreement with the values estimated
from the experimental spectrum. It is noted that the Ar—Ar
separation of 5.24 A calculated for GHAr, in Ref. 13 is
not compatible with the present experimental result. 21
The v; transition of the CH—Ar, is not free from per-
turbations and interfering sequence bands. Approximately
3 cm ! below eachQ branch doublet of the’; band weak
unresolved features are observed that are also split into twG. 10. Photodissociation spectra of thgband of CH—Ar, (n=2-8)
tunneling components. This sequence band probably origkomplexes recorded in the fragment channefGHry, .
nates from one of the intermolecular vibrations of the com-
plex. The most apparent perturbation is mirrored in the sig-
nificant deviation (1 cm?) of theK =10 subband from  ith n=3 are expected to be structureless, similar to the
the expected position. In addition, the separation between thgyresolved CH stretching bands of the ,AHCO" (n

s—s and a—a Q branches of theK=1<—0 subband is =2-12) (Ref. 32 and A,—CH. (n=1-2) (Ref. 30 clus-
smaller (0.3 cm?) than for the othel =n«—m subbands ter series.

(0.5cmY). The nature of the interacting state is unclear at Figure 10 compares the, spectra of the CE-Ar, clus-
pr.esent, possibly itisa combination_band of thevibration a1 (=3-8) with the corresponding spectrum of the
with one of the intermolecular bending modes. CH3 —Ar, trimer. The absorptions of the=4—8 clusters are

~ Three weak unresolved transitions of CHAr, were  indeed featureless. In contrast, the spectrum of the tetramer
identified in the spectral range of the CH s'Fretch 9vertone§n:3) exhibits several distinct and reproducible maxima,
between 5950 and 6400 cth From comparison with the yhich are apparently correlated with tie substructure of
dimer spectrum, they can be assigned upt v (6054  the CH!—Ar, transition. An equilibrium geometry with two
+1cm™) and thleal ande components of 25 (6224+4  4yia) and one off-axial Ar atont cannot give rise to the
and 62842 cm ). A fit to the local mode model 9IVES  observed spectral features unless the complex is assumed to
following parameters for CE-Ar,: wn=3193(25) cmM',  pe nonrigid. Theab initio calculations for the CEi—Ar

Xm=—50(10) cm*, andA,= —54(4) cm*. The addition  gimer suggest that the energies for the vertex-bound local
of the second Ar ligand increases the stretching frequencigginimum and the side-bound transition state are similar
of the CH; core ion further and brings them closer to the (Taple I1l) indicating that the barrier for internal rotation of
corresponding values for the free methyl radiCEble ). CH; around itsC, axis may be small. If in CE—Ars this
barrier is comparable to or smaller than theotational con-
stant of CH—Ar, (=4-5cm?Y), the latter will undergo
(nearly free internal rotation within the CH-Ar; complex.
Addition of more Ar atoms into the solvation shell of the The observed spectral features would then correspond to
CH3 —Ar, complex results in two principal changes of the Akj,,= *1 transitions between different internal rotor states
photodissociation spectrum in the range of thestretching  giving rise to a band contour similar to the ¢HAr, trimer
vibration. First, the cluster can now shed more than ondand. The presence of two off-axi@le., proton-boungAr
ligand upon photoexcitation, because the binding energieatoms would seem to quench this internal motion, as no such
for Ar atoms withn=2 are similar (700—800 cit) and  structure is observed in the, band of CH —Ar,.
substantially lower than that far=1.1* Second, complexes An alternative CH—Ar; geometry, with the third Ar
with n=3 are too heavy and, with a few exceptions, tooatom lying on theCs axis, would give rise to a spectrum
asymmetric to display rotationally resolved spectra at thewith a course structure similar to that of the £HAr, tri-
level of the laser resolution employed here (0.02€m  mer, as both complexes would have compardbletational
Thus, thev; photodissociation spectra of GHAr, clusters  constants. However, considering the inductive interactions of

1
1
1

-

3100 8120 3140 3160 3180 3200
v [em™!]

C. Larger clusters CH 3-Ar, (n=3-8)
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3160 —r————1—r— 11— TABLE IX. Branching ratio8 for photofragmentation of CH-Ar, com-
ole 9 plexes into the various CH-Ar,, daughter channels measured at the absorp-
tion maxima of thev; transition. Only contributions larger than 0.05 were
listed. Clusters witm=2-4 fragment exclusively into the=1 channel.
n m=1 m=2 m=3 m=4
3140
o 5 0.82 0.18
E 6 1.00
9, 7 0.47 0.53
on 8 0.45 0.55
b
3120 3ncertainty is estimated as0.05.
—— exp
O HF
e MP2
3100 L a positive shift(Tables | and V. Addition of further Ar

023 ?1 678 atoms reverses the trend, resulting in incremental shifts to
lower frequencies of the CH-Ar, band. The magnitude of
. , the shifts is rather small as the additional intermolecular
frequencies qug_Ar” complexes. The HF frequencies for-3 and 4 are bonds are weaker than the charge-transfer ones. Negative
based onC,, minima geometries comprising a symmetigy, trimer and . = :
further vertex-bound Ar atoms. incremental shifts in the; frequency are expected for clus-
ters containing off-axial proton-bound Ar atoms=3), as
the calculatedv; frequency of the vertex-bound dimer is
the third Ar atom with the CEI—Ar, core the axial site is slightly smaller than that of the monomer. Furthermore, off-
less favorable than the off-axial proton-bound one, becaus@ial ligands in CH-Ar, (n=3) may push ther-bound
the charge of the cluster is mainly localized on the CH ones slightly away from the CHcore ion, thus destabilizing
moiety. Therefore, the chain structure is not favored, thougtihe axial C—Ar bonds with respect to GHAr,. This re-
the present spectral resolution and the level of the theoretic&luces the amount of charge transferred to thed@bital and
treatment are not sufficient to definitively determine thethus changes the intramolecular frequencies back towards the
n=3 cluster geometries. In addition, it is not clear whetherCHz values. The fact that the incremental binding enefgies

the inversion motion present in GH-Ar, is quenched by the and frequency shifts are similar fo=3 may indicate that
addition of subsequent Ar atoms. these Ar atoms occupy equivalent positions in the complex.

The v4 band origins of the CEH—Ar, complexes vary in This observation favors the structures where Ar atoms with

a rather systematic manner with cluster siggg. 11, Table n=3 fill a solvation ring around the CH-Ar, “rod.” Un-

VIIl). Addition of the first Ar atom to the C§| ion results in  fortunately, there exist no Ar matrix isolation data, making it

an increase of the; vibrational frequency from 3108 cmd  impossible at this stage to compare the cluster band shifts

in the free methyl catic?f to around 314530 cm *in the ~ With the bulk limit.

dimer complex. The second Ar atom, attached to the other ~Size dependent photofragmentation branching ratios can

lobe of the D, orbital, induces a smaller incremental fre- be utilized to roughly estimate the sequential binding ener-

quency shiftA v(n)=v»(n)—»(n—1), as it is not equivalent gies,Dy(n), of the Ar atoms in the CE-Ar, cluster series.

to the first Ar atom and features a much weaker intermolecuAs the first Ar atom is relatively strongly bound to the £H

lar bond. The direction of the shift1(2) cannot be reliably ~core, v5 excitation of cold CH —Ar, clusters cannot lead to

determined from the experiment due of the large uncertaintH; fragments. In contrast, ther2 level lies above the

in the experimental; frequency of CH—Ar. However, the lowest dissociation threshold implying that the binding en-

ab initio calculations and the local mode model both predictergy of the dimer lies between 315@3) and 5900 cm?
(2v4). Clusters withn=2-4 fragmented exclusively into
CH; —Ar, while for larger ones more than one photodisso-

TABLE VIII. Band centers of thev; vibration of CH; —Ar, complexes. ciation product could be observé@able IX). For example,

the clusters CEl-Ar; and CH, —Arg release either 4 or 5

FIG. 11. Comparison of experimental and calculateé/A and MP2/B

n va (om™) argon atoms with roughly equal probability. The energy ab-
0 3108.377(67) sorbed by the clusterg~3150 cmi}) is used to break the
1 314530 intermolecular bonds by evaporating Ar atoms, and endow
2 3151.65)° the recoiling fragments with a certain amount of internal and
3 3150.55) kinetic energy. Neglecting the difference in the internal en-
4 3150.91.0 - . :
5 3149.11.0 ergies of the parent and product complexes, assuming low
6 3148.21.0 kinetic energy releases and no polymeric neutral fragments
7 3147.41.0 (e.g., Ap), several limits for the incremental binding ener-
8 3145.61.0 gies can be obtainefTable X). The results are consistent
*Reference 20. with the experimentally determined enthalpies for sequential

PAverage of theK =10 and 0—1 subbands. CHJ —Ar, clustering reaction$®
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