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Infrared spectroscopy of the molecular hydrogen solvated carbonium ions,
CHz (Hz), (n=1-6)

Doo Wan Boo and Yuan T. Lee
Department of Chemistry, University of California, Berkeley, California 94720 and Chemical Sciences
Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

(Received 16 February 1995; accepted 6 April 1995

The infrared spectra for the molecular hydrogen-solvated carbonium ions(HGH (n=1-6) in

the frequency range of 2700—4200 chare presented. Spectroscopic evidence was found in
support of the scrambling of GHthrough the large amplitude motions such as the, @iternal
rotation and the in-plane wagging motion of three-center two-electron bond. More importantly, the
scrambling motions of CEl cores were slowed down considerably by attaching the solvent H
molecules to the core ion. The complete freezing of the scrambling motions was found when the first
three H molecules were bound to the GHtore. A good agreement between the experimental and
the theoretical predictions was found in the dynamics of:CK® 1995 American Institute of
Physics.

I. INTRODUCTION AHY ,, and AS} ,, for the clustering reactions
CHZ(CH,),_,+CH,=CHZ(CH,), for n=1-9 using a
Protonated alkanes are highly reactive intermediates ipulsed electron beam mass spectrom¥tijhey showed an
the acid-catalyzed transformations of hydrocarbbiifiese irregular decrease in the values-eAHS_ in and—AS_ in
nonclassical carbonium ions are known to form a threebetweemn=2 and 3, suggesting@, symmetry structure for
center two-electron (&e) bond having pentacoordinated CHZ which contains a 82e bond, since the two acidic H
carbon atoms and bridged hydrogérSHz is the simplest atoms of the 82e bond would give the most favorable sites
carbonium ion. for the first two CH ligands. However, this result only sug-
The existence of CHwas first reported by Tal'roze and gests theC, structure for the core ion GHof CHZ (CH,),,
Lyubinova in mass spectrometric studies on the protonatiomot for free CH , because strong interaction between:CH
of alkenes and alkanes in 198Dlah and co-workers later and CH, could deform the structure of free GH
reported that CH played an important role as a reactive (AHJ ;=6.87 kcal/mo). In order to get more reliable infor-
intermediate in super acid solution reactidn8HZ is now  mation on the structure of GH they also measured
used as a common reagent for protonation of gas phase makH9_; , andAS]_; , for the cluster ions CE(H,), (n=1-
ecules in the chemical ionization mass spectrontettyis 4), which were expected to have much weaker interactions
also of astrophysical interest in that it may play as an interpetween the core ion GHand H, molecules® Unlike the
mediate for generation of methane and formaldehyde in thease for CH(CH,),, a gradual decrease Aﬂ-lg,lyn with n
cold galactic molecular clouds. was observed for CHH,),,, though a large gap in the van't
A number of the early theoretical calculations on theHoff plots was still seen betweem=2 and 3. Based upon
structures of CH consistently suggested that the eclip§€ad  these observations, they proposed thatZCstill has Cq
(e-Cs) symmetry structure was the global minimum energystructure but the positive charge is more delocalized i CH
structure’~1° However, recentb initio calculations at the when it is complexed by K
most sophisticated level, performed by Schleyer and co- Experiments using a Fourier transform ion cyclotron
workers, found that the energy differences betweeretliz,  resonancéFTICR) mass spectrometry have been performed
structure and other structures such as staggeétdd-C;) or  on the collisionally induced intramolecular randomization of
C,, were very small and became negligible when correctedhydrogen and deuterium atoms in i and CDH™ by the
for zero point energies(see Fig. 1 for the CH  groups of Sefcik'd® Smith’s!” and Heck's® In these works,
structures™*?The C,, andD, structures were predicted to the product ion branching rat[@H */[BD "] associated with
be higher in energy than theC, structure by 1 kcal/mol the proton/deuteron transfer reaction from [F and
and 9 kcal/mol, respectively. As pointed out by Schleyer,CD,H" to the baseB was measured as a function of the
Schaefer, and later, by Scucelfathe early prediction that average number{()) of primary ion/molecule collisions
CHZ is regarded as a complex between{Téhd H, with a  (CH, /CD, or CD; /CH,). The idea of these studies was that
localized Z2e bond is not valid, but CH is likely to if significant potential barriers exist for the scrambling mo-
scramble constantly through the low lyinrgC, and C,,  tions of CH, the D atom in CHD™ and the H atom in
transition states, without possessing a definite equilibriun€CD,H* would be located at one of the two H atoms forming
structure. a 3c2e bond in theC4 structure, and the branching ratio will
In contrast to the numerous theoretical works oniCH be 1:1 for both CHD™ and COH™ cases(C, mode). If
only a few experiments have been performed previously temall or no barriers exist for the scrambling motions, the
characterize indirectly the structure of €Husing mass branching ratio will be 4:1 and 1:4 for GB™ and CQH"
spectrometry*~*® Hiraoka and co-workers measured cases, respectivelyandomized modgl However, the results
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than the cooling of the CHions, since the low frequency
modes involving the core-ligand bonds would play an impor-
tant role in the vibrational energy transfer from initially hot
ions to the cold partners. As a preliminary result, the IR
spectra for CH(H,) have been reported previoughy.

Very recently, we also reported a study on the dynamics
of the molecular hydrogen solvated carbonium ions,
CHZ (H,), (n=1,2,3) bymeasuring the IR spectra for the
C—-H stretching modes of GHH,), (n=1,2,3), and per-

forming ab initio molecular dynamic§MD) simulations on
D3h CHZ (H,), (n=0-3)2! The results provided considerable

E insight into the scrambling motion of GH and revealed the

slowdown of the scrambling of the GHcore by the solvent
H, molecules in CH(H,), (n=1,2,3).

In this paper, we present the complete IR spectra of the
molecular hydrogen solvated carbonium ions,ZCH,), (n
=1-6) including the IR spectra for the H—H stretching
modes of the solvent Hmolecules, obtained in the fre-
were inconsistent in that Sefciksand Heck's resultd sup-  guency range of 2700-4200 cth It will be shown that
ported theCs model with a localized 82e bond whereas correlation of the spectral features for the C—H stretching
Smith’s result¥’ suggested the randomized model. modes of the core CHwith the number of solvent Jmol-

Because of the difficulties in the indirect characterizationgcyles in CH(H,), (n=1-6) can provide information on
of the structure of CEl, much effort has been given to obtain the structure and dynamics of €H It will also be shown
high resolution infrared(IR) spectra for CH, but has that the vibration—rotation transitions of the H—H stretching
achieved little success. One of the difficulties in the highmodes in CH(H,), (n=1-6) can give additional informa-
resolution IR study is that CHscrambles even at low tem-  tion on the structure and dynamics of Ctas well as infor-

peratures, as predicted by thb initio calculations, causing mation about the interactions between the:Ctdre and the
significant spectral congestion. The spectral congestiogolyent H, molecules.

would be more extensive for the GHons produced in the
cpnventlopal ion sources since the ions tend to possess COl" EXPERIMENTAL DETAILS
siderable internal energy.

In an attempt to overcome the difficulties of performing The experimental apparatus used in this work has been
IR spectroscopy on CH, we have studied the molecular described previousk#~2® A schematic of the machine is
hydrogen solvated carbonium ions, €£#,), (n=1-6) given in Fig. 2. Briefly, the molecular hydrogen solvated
where the H molecules are weakly bound to the core ion. carbonium ions CEl(H,),, (n=1-6) were produced from a
The motivation was the notion that the interactions betweemigh pressure corona discharge source and subsequent super-
the core CH ions and the Hmolecules are weak enough to sonic expansion through a #6n nozzle. A schematic of the
cause only a minor perturbation to €Hyet strong enough corona discharge ion source is shown in Fig. 3. The corona
to slow down the scrambling motions. According to Hiraokadischarge was maintained in 50—150 Torr of gas with ultra-
and co-workers, the binding energieAH,_, ;) of the H,  high purity (UHP) H, and UHP CH in a 3 000 000:1 ratio,
molecules to the CEH core were measured to be less than 2flowing past a 1.0 kV potential from the discharge tip of the
kcal/mol!® Schaefer and co-workers also calculated the disneedle to the source body maintained at approximately 350 V
sociation energy @,) of CH: (H,) to be 1.46 kcal/mol at above ground. The discharge current under these conditions
Tz2P+d CCSOT).X The experimental and theoretical dis- was 10—40uA. The source was maintained at the optimum
sociation energies and enthalpies for 4H,), (n=1-4)  temperature for each kind of cluster ion in order to maximize
are listed in Table I. Experimentally, the weakly bound clus-the ion intensity, by heating up the source body cooled by
ters CH (H,), have advantages over GHn that the cooling  contact with a liquid nitrogen reservoir. Typical source tem-
of the cluster ions by supersonic expansion is more efficienperatures for the molecular hydrogen solvated carbonium

FIG. 1. Ab initio structures of CH.

TABLE I. Experimental and theoretical dissociation energies and enthalpies (-G} (units are kcal/mol

Reference n=1 2 3 4
Hiraokaet al? —AH? 1.88+0.10 1.78:0.10 1.610.10 1.570.10
Hiraokaet al? De 2.02 1.76 0.91 0.64

MP2/6-31G*
Schaefert al® D¢(Dy) 3.481.46

TZ2P+d CCSOT)

aReference 15.
PReference 19.
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tion. Usually, 100—500 ions were trapped per cycle, depend-
ing upon the stabilities of the cluster ions. These numbers are
too small to allow direct measurement of photon absorption.

The trapped, mass-selected clusters were then vibra-
tionally excited by a pulsed, tunable infrared laser. A Quanta-
Ray IR WEX was used as a tunable IR light source. The IR
wavelength was produced in a LiNg©rystal that generates
the difference frequency between a Lambda Physics pulsed
dye lase(Model FL3002E and the 1.06um fundamental of
a Continuum Nd-YAG laser. The IR bandwidth was 0.2
cm L. The pulse duration was 6 ns with a 20 Hz repetition
rate, and the laser power was 1-3 mJ/pulse in the 2700—
4200 cm! frequency region scanned in this work.

If the ions absorb one IR photon in the tuning range of
2700-4200 cm!, the CH (H,), (n=1-6) ions vibra-
tionally predissociate into CHH,),+yH, (x+y=n). Large
FIG. 2. Schematic of the experimental apparai#s. Corona discharge Clus,te,r lons are so ,Weakly bound that the vibrational predis-
source;(B) skimmer and cone extracto(€) electrostatic lense¢p) plates ~ SoOciation of these ions can produce two or more daughter
separating two differential pumping region&) quadrupole lens pait(F) ions which differ by the mass of H Roughly 0.5 ms after
sector magnetiG) quadrupole bending fieldH) deceleration field(l) oc-  the Jaser pulse, the potential on the exit aperture was lowered
tapole ion trap;(J) quadrupole mass filter(k) a Daly ion detectoryL) . .
electronmultiplier tube. to extract ions of all masses from the trap. These ions were

filtered by a quadrupole mass spectrometer tuned to pass

only the daughter ions CHH,),. The observation of the
ions were betweer-20 and—70 °C. Pressures in the source CHz (H,), signal as a function of laser frequency was a mea-
chamber were betweenx10 ° and 1x10 * Torr during the  sure of the IR absorption of GHH,), (n=1-6).
experiment. To prevent the acceleration of ions in the higher Daughter ions were counted with a Daly ion detettor
pressure region, which causes internal excitation and dissder each laser shot. Background daughter ions resulting from
ciation of the ion clusters via collisions with the backgroundthe decay of metastable parent ions in the rf ion trap were
gas, the potential of the skimmer was maintained within 1 Vmonitored in a separate cycle with the laser off at each wave-
of that of the source body. length and subtracted from the laser on signal. The laser

After the skimmer, the ion beam entered a second differpower was monitored at each data point, and spectra were
ential pumping region containing collimating and focusingnormalized for the power of the tunable IR laser assuming a
lenses. The pressure in this region was typically an order ofimple linear power dependence. For a typical experiment,
magnitude lower than that of the source region. The beargignals were averaged for about 500 laser shots for
was directed into a 60° sector magnet mass analyzer througbH (H,),, (n=1-6) at each wavelength in the 2700-3200
a third differentially pumped region maintained at #0orr.  c¢m™! and 4000—4150 citt frequency regions, where the IR

The mass-selected beam was then bent 90° in a dc quadbsorptions were found for GHH,), (n=1-6).
rupole field, decelerated to less than 0.5 eV, and focused into  |n this experiment, the composition of ions in the beam
a rf octapole ion trap through an entrance aperture lens. Thgas strongly dependent on the/BH, mixing ratios, source
ions were usually trapped here fer2 ms before IR irradia-  temperatures and source pressures. The experimental condi-

tions used in this work were aj+CH, ratio of 3 000 000:1,
a source temperature 6f30 °C and a source pressure of
Liq. N, 60—150 Torr. Figure 4 shows the mass spectrum for
l CHZ (H,), (n=1-6) obtained under these conditions. The

Grid mass spectrum shows a Gaussian distribution of the
CHZ (H,), ions with the cluster size ranging from=1 to

n=6. For the cluster ions witim=6, the mass peaks were
overlapped with the intense peaks due tHE (m/e=29),

C,H7 (m/e=31), and CH(CH,) (m/e=33). In this ex-
periment, the maximum in the distribution of mass peaks
was able to be easily shifted betwean-1 andn=6 by
changing the source pressures and source temperatures. The
maximum ion intensities for large cluster ions were obtained

Cu Block
75um Nozzle

Thermocouple

. Heating .
Lsmmmer D‘frci'l‘)“ge Wire Ih]  Electrode when high source pressures and low source temperatures
“1®  Support were used in the discharge.
Gas In As reported previousl§f the CH (H,) ions were also

produced using a $iCH, ratio of 2000:1, a—40 °C source
temperature and 150 Torr source pressure. But, the IR spectra
FIG. 3. Schematic of the corona discharge ion source used in this work.obtained with these two different conditions were similar to

J. Chem. Phys., Vol. 103, Mo. 2, 8 July 1995
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MASS SPECTRUM OF CH4-H2 DISCHARGE tails). Therefore, the primary mechanism for the cooling of
the carbonium ions in this work would be nonresonant en-
crsan CH4 : H2=1:3,000,000 ergy transfer, efficient only when the molecules possess low
n=p 1 2 8 ¢ 20 =200t frequency vibrational modes.
[TTTTTT e

According to theab initio calculations on CE and
CH: (H,),*%*°the lowest vibrational frequency fex C, CHZ
was predicted to be quite higB56 cm%) since the CH-H,
torsional mode&145 cm ) would be a free internal rotation.
On the other hand, the molecular hydrogen solvated car-
bonium ions, CH(H,), were predicted to possess several
low frequency modes involving the core-ligand bonds. As a
result, the CH ions were expected to possess significant

INTENSITY (arb.)

internal energy due to the inefficient cooling whereas the

h CHZ(H,), (n=1-6) ions were expected to be internally

LJLJ cold. Besides, if CH(H,), ions contain more internal energy
T 2 25 than the solvation energy, it will dissociate and produce

MASS cooler ions.
' Internally cold small clusters of GHH,),, could also be
FIG. 4. Mass spectrum showing the carbonium ioniCthd the molecular ~ formed .durlng the flight bgfore the mass selection in the
hydrogen solvated carbonium ions €fl,), (n=1-6). The mixing ratioc  magnetic sector, by releasing someg idolecules from the
of CH,4:H, was 1:3 000 000, and the source temperature and the discharqgrge clusters of CE'(Hz) . The CI-E’(HZ) (n: 1—6) ions
current were—30 °C and 20uA, respectively. n . nL .
were further cooled down by storing them in an ion trap for
~2 ms, during which some radiative cooling took place.

each other. The IR spectra of CHH,) obtained with the Metastable ions, if they exist, would dissociate during the

latter conditions is presented in this paper, simply because ¢f2PPing time, and their contributions to the observed IR
the superior signal-to-noise ratio. spectra were eliminated by doing a background substraction

with the experimental scheme of laser on and off. In this
experiment, the background level with laser off was found to
be less than 0.1% of the parent ions, indicating the cold
A. Internally cold CH Z(H,), ions nature of the molecular hydrogen solvated carbonium ions,

+ —
Since CH is expected to scramble extensively even atCHs (Hy), (n=1-6).

the moderate temperatures, it is crucial to produce the ions in
internally cold forms in order to obtain information about the
structure and dynamics of the GHores in the molecular
hydrogen solvated carbonium ions, £#,), (n=1-6). Figure 5 shows the IR spectra for the molecular hydro-
Therefore, it seems appropriate to discuss the conditions afen solvated carbonium ions, €HH,), (n=1-5) obtained

the carbonium iongCH: and CH: (H,),] produced in this in the frequency range of 2700—-3200 ¢t The spectral
experiment. As described in detail in the previous sectionfeatures in this frequency region are due to the C—H stretch-
the carbonium ions were produced in a high pressure anihg modes of the CH cores in CH (H,), (n=1-5). Three

low current corona discharge source and subsequent supé&—H stretching bands were predicted &ly initio calcula-
sonic expansion. The ionization conditions were kept as sotions in this frequency range, and the solid lines in Fig. 5 are
as possible at the sacrifice of the ion intensity. Neverthelesshe result of a least squares fit with three Gaussian peaks
the carbonium ions were likely to be vibrationally excited by shown as dashed lines. But, one should note that each of the
the discharge process, and were expected to cool down viaree fitted Gaussian peaks for €#H,) and CH (H,),
collisions with cold neutral species in a small high pressuréFigs. 5A)—5(C)] does not necessarily represent a single vi-
drift region and during supersonic expansion. It is wellbrational mode of one CH isomer, due to the expected
known that the collisional cooling strongly depends upon thescrambling of the CEl cores. The positions of the fitted
efficiency of energy transfer from internally hot ions to the Gaussian peaks are listed in Table III.

cold partners. If the cold partne¢s.g., CH,) possess similar Figure 6 shows the IR spectra for the molecular hydro-
vibrational frequencies as the internally hot ions, the ionggen solvated carbonium ions GKH,), (n=1-6) obtained
would be cooled much more efficiently by the mechanism ofin the frequency range of 4050—4150 cinThe observed
resonant energy transfer. However, this mechanism may nd¢atures are due to the H—H stretching modes of the solvent
be significant in the cooling process of the ions produced irH, molecules in CH(H,),, (n=1-6).

this work, since the concentration of methane in the gas mix-  In this work, the signal to noise ratios of the IR spectra
ture was kept low in order to avoid the formation of larger for the large clusters were found to be considerably lower
hydrocarbon ions. Large hydrocarbon ions such ad3C  than those for the small clusters, since the absolute number
C,HZ, CH7, and GHJ, instead of the carbonium ions, densities of the large clusters were found to be lower than the
were found to be dominant in the mass spectrum when themall clusters due to the weaker binding of the large clusters,
concentration of methane was hi¢tee Ref. 26 for the de- and several vibrational predissociation channels available for

Ill. RESULTS AND ANALYSIS

B. Infrared spectra

J. Chem. Phys. Vel. 103, No. 2, 8 July 1995
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FIG. 6. IR spectra for the H—H stretching modes of the solveninal-
FIG. 5. IR spectra for the C—H stretching modes of thelGttres.(A) ecules.(A) CHZ (Hy); (B) CHZ(Hy),; (C) CHE(Hy),; (D) CHE(Hy),; (B)
CHZ (Hy), under hot ion conditiongB) CHz (H,), under cold ion conditions;  CHg (H,)s; (F) CHZ (Hy)g.
(C) CHg (Hy),; (D) CHg (Hp)3; (E) CHg (Hp)g; (F) CHE (Hyp)s.

r the low lying transition state structures suchsa€ and

», CHZ were predicted to be 2914, 2968, and 3085 &¢m
for the former, and 2732, 2987, and 3094 Cnfor the latter
. (Table 1.} The two structures were regarded as the transi-
1. CH5 (H2) tion states along the CHinternal rotation, and along the

The IR spectra for the C—H stretching modes ofin-plane wagging of the H2 between H1 and H3 in the.CH
CHZ (H,), shown in Figs. BA) and 5B), were obtained by core, respectivelysee Fig. 1 The latter motion will be re-
monitoring the CH signal (m/e=17). As reported ferred to subsequently as the in-plane wagging motion. It is
previously?®?*the two IR spectrfFigs. 5A) and B)] were  interesting to notice that the vibrational assignments for the
obtained with hot ion conditions and cold ion conditions,two high C—H stretching frequencies sfC, CH: core
respectively(see Ref. 20 for the details of the source condi-(2968 and 3085 cim') were the asymmetric Chtretching
tions). One broad feature with shoulders, centered at 2964nd symmetric CH degenerate stretching modes, respec-
cm !, was observed in the IR spectrum with cold ion condi-tively, which were switched in order, compared to the case
tions [Fig. 5B)], indicating the floppy nature of GH The for e-C, CHZ . This could be the result of the substantial
shoulder features observed in the cold ion spectrum almogteometrical changes in the GHyroup during the internal
disappeared in the hot ion spectrdifig. 5(A)], revealing rotation, as expected from the differences in the optimized
increased scrambling of the core €HThe lowest frequency C—H bond lengths and angféd? betweene-C, CHZ and
peak among three Gaussian peaks fitted into the observed BRC, CH: . This suggests that the vibrational modes involv-
spectrum with cold ion conditions was quite broad, extending the three C—H bonds could be strongly coupled to each
ing from 2700 to 3100 cit, centered at 2907 cm [see  other via the CH internal rotation.
Fig. 5(B) and Table III. On the other hand, th€,, CHZ transition state con-
According to the recentab initio calculation on sisted of two strong C—H bonds and three weak C—H bonds

CHZ (H,),*® three C—H stretching frequencies ®®rC, CH:  forming a four-center three-electron @) bond. Corre-
core, the global minimum energy structure, were predicted tgpondingly, the three C—H stretching frequenci@332,
be 2898, 2998, and 3081 ¢rh corresponding to the sym- 2987, and 3094 cit) were assigned to the asymmetric C—H
metric CH; breathing, symmetric CHdegenerate stretching, stretching mode involving two weak C—H bonds, symmetric
and asymmetric Ckistretching modes, as shown in Table Il. and asymmetric C—H stretching modes involving two strong
These vibrational modes were also predicted to have more @—H bonds, respectivel§Table I1).}! The 2732 cm?® mode,
less similar IR intensities. The C—H stretching frequenciesstrongly red-shifted from the other two C—H stretching

the large clusters would compete each other, resulting in th
smaller number of daughter ions at each channel.

J. Chem. Phys., Val. 103, No. 2, 8 July 1995
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TABLE Il. Vibrational frequencie3of the C—H and H—H stretching modes for £f,),, (n=1-3) predicted
by theab initio calculations. Units are in cn.

Asymmetric CH
stretch

Symmetric CH deg

stretch Symmetric Cklbreath H stretch

CH{, e-Cq
TZ2P+f cCSD
CH{, s-Cq
TZ2P+f cCSD
CHZ, Cyp,
TZ2P+f CCSD*®
CH: (Hy),

e-C, CHZ
TZ2P CCSD
CHs (Hp)

C,, CHg

TZ2P SCE*®
CHg (Hy),

e-C, CHZ
MP2/6-
311GD,P)¢
CHg (Hys

e-C, CHZ
MP2/6-
311GD,P)¢

30793063 29932977 28982883

29682952 30853069 29142898

30943077 29872971 27322717

30813059 29982977 28992878 41074078

30793063 29722956 27062692 41044082

32783069 31832980 30682872 44464162

44634178

328Q0307)) 31802977 30432849 44484164

44594174
44934206

@The numbers in parentheses are the frequencies scaled by the ratio of 297 penof the observed peaks for
CHZ (H,)3, and the correspondirap initio C—H stretching frequency for the eclips€d CHZ core at the level
of theory. For example, the ratio was 2977/2898995 at TZ2R-f CCSD; 2977/29980.993 at TZ2P CCSD;
2977/2993-0.995 at TZ2P SCF; 2977/3181.936 at MP2/6-311G4,P).

PReference 11.

‘Reference 19.

YReference 29.

®Note that the vibrational assignments @, CH: should be changed to the GHsymmetric, CH symmetric,
and CH asymmetric stretching modes, respectivig; indicates the two of three C—H bonds forming the
4c3e bond.

modes of theC,, structure, were distinct from the C—H
stretching modes of th€, (e-C4 ands-C,) structures, and
could serve as an indicator of the scrambling of:CHa the
in-plane wagging motion involving th€,, transition state.  the observed feature at 2965 chwas only 27 cm*® red-
Based on the trend in thab initio CH; stretching fre-  shifted from the average C—H stretching frequency of,CH
quencies for different CHstructures, it can be predicted that (2992 cm'1),28 reflecting the fact that when a hydrogen atom

plitude motions such as the Gkhternal rotation involving
the s-C transition state, and the in-plane wagging motion
involving theC,, transition state. Nonetheless, the center of

if the CH; internal rotation(via s-C, transition stateand the
in-plane wagging motioKvia C,, transition statgare unhin-
dered, the observed spectrum for the Gitretching vibra-

in CHZ does not participate in the scrambling motions, its
corresponding C—H bond is similar to the C—H bond in,CH
Figure 6A) shows the IR spectrum for the H—H stretch-

tions will broaden considerably due to contributions from alling mode of the Hin CHz (H,), obtained by monitoring the
the possible CH structures along the two internal coordi- CHZ signal (m/e=17) with 0.2 cm! laser resolution. The

nates, which are expected to have different;Gittetching
frequencies. Furthermore, the lowest Csiretching vibra-
tion of e-C4 CHZ structure will be strongly coupled to the
vibrational modes of the@®e bond by the in-plane wagging
motion, and could have frequencies ranging from 2898%tm
(e-C4 CHz core to 2732 cm? (C,, CHZ core if the in-

vibration-rotational spectrum shows cle®, Q, and R
branches, indicating th&-type transition of a near symmet-
ric top. The band origin was 4077.4 ¢ 82.6 cm ! red-
shifted from free H (4160 cml), which suggests that the
interaction between the GHcore and the K molecule in
CHZ (H,) is dominated by the electrostatic charge-induced

plane wagging motion is unhindered. Therefore, only approdipole interaction. The dipole moment of; ihduced by the
priate statistical averages of the ¢hkiretching frequencies ion core allowed the H—H stretching mode to be IR active.
over the coordinates of the two scrambling motions will de-The spacing of adjacent rotational lines ranged from 1.4
scribe the observed spectral features properly. cm to 1.6 cm . The rotational lines were found to possess
The observation of one broad feature with shoulders irsome fine structures, as shown in FigAR Two anoma-
the IR spectrum[Fig. 5B)] and the result of the broad lously intense peaks were observed in Bvdranch side, as
Gaussian peak fitted into the low frequency shoulder, insteathdicated by asterisks in Fig.(A&), and they could be as-
of three distinct CH stretching bands as predicted by tie  signed to theQ branches of two hot band transitions. The
initio calculation one-C¢ CHz , clearly suggested that the rotational progressions of the hot band transitions may con-
CHZ core in CH (H,) scrambles considerably via large am- tribute to the wide spread of rotational lines with a high
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TABLE |Il. Vibrational frequencies of the molecular hydrogen solvated gested that the two Hmolecules were bound to the two H
carbonium ions. Units are in cm. atoms forming a 82e bond, with almost equal strength. In
this case, the in-phase H—H stretching vibration of the two
H, molecules would be responsible for the observed feature

Band origins of H—H

lons C—H stretching modés stretching modes . - . .
since the change of dipole moment due to the in-phase vi-

N ) X

CHs (Hy) 29642907, 2965, 3070 4077-42 bration would be along thA-axis of CH (H.),.

g:i(HZ)Z 295712930, 2983 3078 4088, The band origin was-4088 cm'%, 72 cmi ! red-shifted
2 (Hy)s 2892, 2977, 3062 4099 vy . .

CH (Hy), 2878, 2979, 3067 2166 from free H, but 10 cm plue—shlfted from CH(H,). This

CH: (Hy)s 2879, 2972, 3043 4169 indicated that the interactions between {Cebre and two H

CHZ (Ho)g N.Of 4117 molecules in CH(H,), were also the charge-induced dipole

interactions, and the interactions were weaker forl Gt}
&These C—H stretching frequencies were determined by a least squares tllgte actions, a d the interactions were weake 05 )2
with three Gaussian peaks. since the positive charge of the core £Was more delocal-

bThese frequencies in parentheses ficr1 andn=2 were obtained by ized in CH (H,),.
fitting with three Gaussian peaks and two equal Gaussian peaks, respec-

tively, even though they were not resolved in the observed spfate
Figs. §B) and 5C)]. "
‘These frequencies were measured at the maximum otheanches. 3. CHs (Hy)s
“These frequencies were measured at the center of the observed features.

eNot observed. Figure D) shows the IR spectrum for the C—H stretch-

ing modes of CH(H,);, obtained by monitoring the GH
signal in the frequency range of 2800—3100 ¢mThree

background, observed in tHe-branch sidgsee Fig. 6A)]. partially resolved peaks, centered at 2892, 2977, and 3062

71 .
The full analysis of the vibration—rotational spectrum will be €M were found in the IR spectrum. The presence of the
reported elsewhere. three well-separated peaks suggested that the scrambling mo-

tions of the CH core were almost frozen out by the threg H
) molecules in CH(H,);, and the CH core could be consid-
2. CH5 (H), ered as semirigid. It is interesting to notice that the observed
Figure 5C) shows the IR spectrum for the C—H stretch- frequencies(2892, 2977, 3062 cit) match well with the
ing modes of CH(H,),, obtained by monitoring the GH  three ab initio CH; stretching frequencies foe-C, CHZ
signal (m/e=17). Two spectral features, centered at 2957(2891, 2993, 3079 cit) and e-C¢ CHz (H,) (2898, 2998,
cm ! and 3078 cm?, were observed in the frequency range 3081 cm'Y), calculated at TZ2P £f) CCSD level’® as
of 2700-3200 cm*. The broad and intense feature at 2957shown in Table Il. Theab initio CH; stretching frequencies
cm ! was fitted with two equal Gaussian peaks centered abf e-C¢ CHz (H,)5, calculated at MP2/6-311G),P) level >
2930 and 2983 c, respectively, as shown in Fig(®) and  also match well with the observed frequencies after appro-
Table 1ll, and the narrow feature at 3078 chwas fitted priate scalingsee Table I). It suggests that the GHcore in
with one Gaussian peak. Thab initio C—H stretching fre- CHZ (H,); possesses ae-C, structure. Since the adiabatic
quencies fore-C4 CHZ in CH: (H,),, shown in Table Il, approximations made in the normal mode analysis on the
were more or less similar to those f®rC, CHZ in CHZ (H,) C—H stretching frequencies are expected to be valid due to
after appropriate scaling. Thab initio C—H stretching fre-  the semirigidity of the CHl core, the three observed features
quencies fos-C4 andC,, CHz cores in CH (H,), were also  could be assigned to the symmetric {bteathing, symmet-
expected to be similar to the corresponding frequencies foric CH; degenerate stretching, and asymmetric;Ghletch-
CHZ (H,). ing modes, according to theab initio normal mode
The low frequency shoulder feature observed in the IRanalysist® Furthermore, the new scaling factors for the an-
spectrum for CH(H,) was not present in the spectrum for harmonic corrections were calculated by the ratio of 2977
CHZ (H,),. This suggested that the scrambling motioncm™?, one of the observed frequencies, to the corresponding
through the in-plane wagging motiofvia C,, transition ab initio frequency for thee-C, CHZ core at the level of
stat¢ may be frozen out by the two Hmolecules in theory. The rescaled frequencies are listed in the parentheses
CHZ(H,),, unlike the case for CHH,). However, the of Table II.
scrambling of the CEl core through the CHlinternal rota- Figure §C) shows the IR spectrum for the H—H stretch-
tion was still extensive, indicated by the broad feature aing modes of the three Hnolecules in CH(H,);, obtained
2957 cm'!, and strong anharmonic couplings for the vibra-by monitoring the CH signal in the frequency range of
tional modes involving these three C—H bonds were als@050-4140 cm®. Unlike the cases for CHH,) and
expected. CHZ (H,),, one broad feature was observed in the spectrum.
Figure 6B) shows the IR spectrum of the H—H stretch- One of the reasons for the spectral congestion was that the
ing modes for the two Kimolecules in CH(H,),, obtained  third H, molecule in CH (H,); was bound to the CH core
by monitoring the CH signal in the frequency range of in a different environment from the first two,Hnolecules,
4050-4150 cm?. The IR spectrum was taken with 0.2 ¢ indicating the presence of ac2e bond in the CH core in
laser resolution and 1 crl scan step. In spite of the large CHZ (H,);. The center of the broad feature was located at
scan step, the observed spectrum showed &e4&), andR ~4099 cm ', 61 cm ! red-shifted from free b but 11 cm*
branches, indicating tha-type transition of a near symmet- blue-shifted from that of CEl(H,),. This also suggested that
ric top. The presence of a single rotational progression sughe interactions of the CHcore with the H molecules be-
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came weaker due to the increased charge delocalization the charge-induced dipole interactions between thenidl-
CHZ (H,);. ecules and the CH core were almost in saturation for
CHs (Hy)s and CH; (Hs.

4. CHE (Hy), IV. DISCUSSION

Figure SE) shows the IR spectrum for the C—H stretch- o pynamics of CH ¢ in CH#(H,), (n=0-6)
ing modes of CH(H,),, obtained by monitoring the GH . _
signal. Three peaks, centered at 2878, 2977, and 3067,cm __ Since the IR spectra for GHH,), (n=1-5) provided
were found in the IR spectrum. These three frequencies wef@formation about the scrambling motions of Cidores, it
similar to those for CHI(H,); (2892, 2977, and 3062 ci), ~ S€eMs appropriate to discuss the details of the dynamics of
which were assigned to the symmetric Chbteathing, sym- CHg by combining the resuIFs of this work and the previous
metric CH; degenerate stretching, and asymmetric ;CH theoretical works. Two crucial theoretical works have been
stretching modes, respectively. This result indicatee-a, ~ Performed previously by Schieyer and co-workers, and by us
structure for the CEl core in CH (H,),, but also no signifi- N collab.or_a}tlon with Liu and Tse. The first was the high
cant solvation effect by the fourth,Hnolecule. level ab initio calculation at TZ2R-f CCSD level, and the

Figure 8D) shows the IR spectrum for the H—H stretch- S€cond was thab initio molecular dynamic¢MD) simula-
ing modes of the Kimolecules in CH(H,),. The spectrum  tion. The two theoretical methods seem to be complementary
was also obtained by monitoring the €Hignal in the fre- 10 each other such that the first provides very accurate elec-
quency range of 4050—4140 ¢t One broad feature was (ronic energies and harmonic frequencies ofsCHut only
again found, centered at4106 cm%, 54 cm * red-shifted for a few optimized nuclear configurations, while the second
from free H, but 7 cni'* blue-shifted from CH (H,)3, indi- ~ ¢@n simulate all of the classical trajectories ofgt;l-eh]lowed _
cating the weaker interaction due to the increased charg@! the finite temperatures on the ground electronic potential
delocalization in CH(H,),. In addition, the slight decrease surface, calculated by the density functional method which

in the frequency shift from the adjacent smaller cluggr May not be as accurate as the first.

cm®vs 11 cm'Y) suggested that the solvent effect on the  Both methods predicted the complete scrambling of
: ; ; : GHe . According to the high levehb initio calculationt™!?
charge-induced dipole interaction between the hydrogery'™s '

molecules and the GH core started to decrease mt-4, the scrambling was predicted to occur througlts andCo,

which was consistent with the trend in the C—H stretchingStrUCturesr which were regarded as the transition states for
bands described above. the CH; internal rotation and the in-plane wagging motion.

The two internal motions were expected to be strongly
coupled to each other such that the Lidternal rotation
" _ would be free only when thec2e bond involved in the
5 CHs (Hz), (n=5,6) in-plane wagging motion is localized, like in th@, CHz
Figure 5F) shows the IR spectrum for the C—H stretch- structure. The same high levelb initio calculation on
ing modes of CH(H,)s. The IR spectrum was obtained by CH4 (H,) predicted almost the same results for the Gtdre
monitoring the CH (H,) signal (m/e=19) instead of the in CHZ(H,). At present, no high levehb initio calculation
CH¢ signal, since the CH(H,) channel was found to be the has yet been reported on €HH,), (n=2).
major channel for the vibrational predissociation of Ab initio MD simulations have been performed on
CHZ (H,)s in the frequency range of 2700-3200 cinThree  CH2 (H,), (n=0-3) as reported previousty.During the
features, centered at 2879, 2972, and 3043%cmere found  simulation of~3 ps at a temperature 0100 K, the 32e
in the spectrum, in spite of the low signal to noise ratio.bond representing &, structure for CH could be formed
These three frequencies are similar to those fo @H);  among any pair of H atoms in GH For CH! (H,), the X2e
and CH (H,),, which were assigned to the symmetric £H bond was more or less localized around the H atom of the
breathing, symmetric CHdegenerate stretching, and asym- CH< core which was complexed by the Fholecule. Scram-
metric CH, stretching modes of the-C¢ CHz core, respec- bling through the two internal motion&ia s-C¢ and C,,
tively. This suggested that the structure of the Ce¢bre in  transition stateswere still expected to be significant. For
CHZ (H,)s was not changed by the fifthHnolecule, but was  CHZ (H,),, the 3c2e bond was localized to the two H atoms
still an e-C; structure. which were bound by the two Hnolecules. It was explained
Figures 6E) and F) show the IR spectra for the H—H by the electron deficiency in thec3e bond which attracts
stretching modes of CHH,)s and CH (H,)s, respectively. the two H, molecules. Preference for the localized22
These IR spectra were obtained by monitoring theZGli-  bond was also predicted in thab initio calculation at
nal, the major channel in this frequency region, which wasMP2/6-31G™*, from the decrease in the angle of the2ge
different from the case for the C—H stretching bands. Thebond (<XH1CH2 from 48.4° for CH (H,) to 47.7° for
additional photon energy in this frequency range was resporEH: (H,), [see Figs. @) and 9B)].° But, the scrambling
sible for the complete dissociation. In both spectra, onghrough the CH internal rotation was still extensive. For
broad feature was found, centered at 4109 and 41Tt cs1  CHz (H,);, the CH core was semirigid with the CHnter-
and 49 cm*? red-shifted from free K, respectively. These nal rotation considerably hindered, but the in-plane wagging
features were only 3 and 2 ¢rhblue-shifted from the adja- motion unhindered.
cent smaller clusters, respectively. This result suggested that In the IR spectrum for the C—H stretching modes of
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CHZ (H,) [Fig. 5(B)], as mentioned previously, the center of CHZ core in CH (H,); possesses agCg structure. Corre-
the observed featur@965 cm!) was only 23 and 27 ¢t spondingly, the three C—H stretching frequencies could be
red-shifted from the averag@988 cm'%) of the three high- assigned to the symmetric GHbreathing, symmetric CH
estab initio C—H stretching frequencies of@, CH: (e-C,  degenerate stretching, and asymmetric;Gtretching modes
and s-Cg), as shown in Table Il, and the average C—Hof e-C; CHZ core in CH (H,);. Theab initio MD simula-
stretching frequency2992 cm!) of CH,, respectively. This tion also predicted the semirigid nature of the Cebre, but
result suggested that most of the structures possessed by tpeedicted the scrambling through the in-plane wagging mo-
CHZ core during the scrambling still contain a Ghhit with  tion, different from the experimental result. The difference
strong C—H bonds like those in the optimiz8d CHs struc-  was attributed to the underestimation of the potential barrier
tures or the C—H bonds in GHThe overall broad feature for the in-plane wagging motioft.In addition, other isomers
and the broad low frequency shoulder observed in the IRf CHz (H,); such as the structure with the third, kbcated
spectrum were suggestive of the scrambling through thg CHout of plane to the 82e bond, may contribute to the ob-
internal rotation(via s-Cy transition stateand the in-plane served IR spectrum.
wagging motion(via C,, transition state For CH: (H,),, three resolved features, centered at 2878,
Therefore, the CHE core in CH (H,) continues to 2979, and 3067 cim, were observed in the IR spectrum
scramble through the GHnternal rotation and the in-plane [Fig. SE)], similar to the spectral features observed for
wagging motion, but the C—H bonds which are not directlyCHs (H,)3 [Fig. 5(D)]. This result suggested that the scram-
involved in the nonclassical bor@c2e or 4c3e bond, are  bling of CH core was more or less frozen out by the first
expected to be strong like the C—H’s in GHThe A-type  three H molecules, and the addition of the fourth Fhol-
vibration—rotational transitions observed in the IR spectrunecule resulted in only a minor change in the structure of the
for the H-H stretching mod¢Fig. 6(A)], suggested the CHZ core. It was consistent with the results of Hiraoka and
structure of CH(H,) with the H, molecule weakly bound to Co-workers’ measuremeritson AHY's of the clustering re-
one of the two H atoms forming thec3e bond, in good ~actions, CH (Hp),_1+H,=CHs (H,), (see Table), in that
agreement with the theoretical predictidﬁs‘]’he anoma- the stabilization of the cluster ions by the fOUrtE tdolecule
lously intense peaks and the rotational fine features observetds small, compared to the stabilization by the thigd 8117
in the spectrum could be due to the scrambling motions in¥s 0.04 kcal/mal In the IR spectrum for the H—H stretching
volving the CH, internal rotation and in-plane wagging mo- modes of CH (Hy), [Fig. 6D)], the frequency shift of the
tion. observed feature from the adjacent smaller cluster decreased
For CH: (H,),, one broad and intense peak at 2957 ¢m from that for CH (H,);, which was consistent with the trend
and one narrow peak at 3078 chwere observed while the for the C—H stretching modes as described above.
broad low frequency shoulder observed for&IH,) was no For CH; (Hy), (n=5,6), thetrend of the spectral fea-
longer present in the IR spectrUifig. 5C)]. This result was ~ tures observed in the IR spectruifigs. 5F), 6(E), 6(F)],
consistent with the theoretical prediction that the{Cebre =~ WEere similar to the case for GHH,),. The structures of the
has aCy structure with the 82e bond localized. The scram- CHs cores were expected to be unchanged by the fifth and
bling through the in-plane wagging motion was expected to>Xth H, molecules.
be considerably hindered. The broad feature at 2957'cm
suggested that the scrambling through the; @iternal rota- - .
tion was still significant. Strong anharmonic couplings for B- Stabilities and structures of CH  5(H,), (n=1-6)
the vibrational modes involving the GHyroup were also In this section, the stabilities of the solvated complexes,
expected. The broad and intense peak at 2957 @uauld be CHZ (H,),, (n=1-6) are discussed from the correlation be-
assigned to the two strongly coupled C—H stretching modesween the H—H stretching frequencies and the strength of the
while the narrow feature at 3078 crhcould be due to the interactions. Possible solvation structures are also presented.
other less coupled C—H stretching mode. Thetype As described previously, the interactions betweer:s CH
vibration-rotational transitions observed in the IR spectrumcore and the Kimolecules are dominated by the electrostatic
for the H—H stretching modd&ig. 6(B)], were suggestive of charge-induced dipole interactions, where the strengths are
the CH, (H,), structure with the two kimolecules bound to proportional to the charge densities at the H atoms of CH
the two H atoms forming the @e bond in the CH core.  core, the binding sites for the ;Hnolecules in CH(H,),
The in-phase vibration of the two H—H stretching modes(n=1-6). The effect of the electrostatic interaction on the
would be exactly along thA axis of the ion when the CH vibrational frequency of the solvent,Hnolecules has been
internal rotation is free. addressed previously in the calculation of the Stark shifts of
For CHE (H,)3, three partially resolved features, centeredthe H—H stretching modes as a function of the distance from
at 2892, 2977, 3062 cni were observed in the IR spectrum the charge to imolecule by Hunt and Poff The frequency
[Fig. 5(D)], indicating the semirigid nature of the GHtore.  shifts of the H—H stretching modes from freg ebuld be a
Only scrambling would occur through quantum tunneling,measure of the strength of the electrostatic interactions. Fig-
causing the broad bandwidths. It is interesting to notice thatire 7 shows a plot of the peak positions of the H—H stretch-
the observed frequencig2892, 2977, 3062 ci) match  ing modes as a function of the size of the clusters. The fre-
well with the threeab initio CH, stretching frequencies, for quency shifts from free 5 (4160 cm?) decreased as the
e-C, CHZ (2891, 2993, 3079 cit) (Ref. 1) ande-C;  number of H molecules increased, and reached a limit at
CH: (H,) (2898, 2998, 3081 cm).’ It suggests that the n=4. This result clearly indicated that the positive charge of
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the CH; core was gradually delocalized as the size of the
clusters increased.
Figure 8 shows a plot of the correlation between theFIG. 9. Possible structures of the molecular hydrogen solvated carbonium
H—H stretching frequencies and theAHZ's of the cluster-  1°nS: CH (Ho), (n=1-6).
ing reactions, CEI(H,),_; +H,=CHz (H,), (n=1-4), mea-
sured by Hiraoka and co-workefsee Table)Ll*® The corre-  Figs. 9A) and 9B) for CHz (H,) and CH (H,),, where the
lation followed the idea of the previous work by Hunt and H, molecules were bound to the H atoms forming th2&
Poll as described above. A good correlation was found bebond in the CH core. For CH (H,);, the most stable struc-
tween the H—H stretching frequencies and thaH%'s of  ture was predicted to be the structure shown in Fg,) Sbut
the clustering reactions, as shown in Fig. 8. From the correother structures such as the structure shown in HB),9
lation, the —AH%'s for the formation of CH(H,)s and where the third H was located out of plane to thec3e
CHZ (H,)s, which were not measured in the previous workbond, could be formed in internally hot ions. Due to the
by Hiraoka and co-workers, were calculated to be 1.52 antveak interactions between the €Hore and the b mol-
1.49 kcal/mol, respectively. Furthermore, one could correlat@cules in CH(H,), (n=4), the structures of the ions are
the H—H stretching frequencies with the theoretical bindingbetter described as the mixture of several structures undergo-
energies to test the consistency of the calculations. ing rapid isomerizations on the very shallow potential energy
Finally, it is appropriate to address the possible strucsurfaces. But, it is still instructive to consider the local mini-
tures of the solvated complexes, £f,), (n=1-6) by mum energy structures for GHH,), (n=4). For
combining the results of this work and the results of theCHs (Hy)4, the fourth H could bind to either the H4or H5)
theoretical work. Figure 9 shows the possible structures off the CH; core[Fig. AE)] or the X 2e bond in the out-of-
CH: (H,), (n=1-6). Both experimental and theoretical plane fashior{Fig. AF)]. For CH;(H,)s, the fifth H, mol-

resultd>1® consistently suggested the structures shown irecule could bind to the H%or H4) of the CH core, com-
pleting the first solvation shell around the CHore [Fig.

9(G)]. In addition, the CH(H,)s ions could form the struc-
tures with one or two K molecules binding to the e
bond in the out-of-plane fashidiFig. AH)]. For CH (H,)g,
the sixth H, molecule can bind to thec2e bond of the CH
core in the out-of-plane fashidfrig. 91)] after the first sol-
vation shell is complete at=5. Other structures involving
the isomers of CEl(H,), and CH! (H,)s are also possible for
CHs (Hps.

4120

4100

V. SUMMARY

The infrared spectra for the molecular hydrogen-solvated
carbonium ions, CEl(H,), (n=1-6) have been presented.
4060 : : Spectroscopic evidence has been presented in support of the

1.4 16 1.8 2.0 . . .
-4H"f CLUSTER CH5-+(H2)n scrambling of CH through the large amplitude motions
such as the CHinternal rotation and the in-plane wagging
FIG. 8. Plot of correlation between the H-H stretching frequencies and th(gnouon' More importantly, the scrambllng motions of g:H
—AH%s of the clustering reactions GHH,), ,+H,=CH:(H,, cores were slowed down by attaching the solventnhol-

(n=1-4). ecules to the core ion. The complete freezing of the scram-

4080
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