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Infrared spectra of the mass selected ionic complexesHEO" and D,—DCO" have been
recorded in the vicinity of theiw, vibrations (H,/D, stretch by means of photofragmentation
spectroscopy. The anomalous rotational constants obtained by fitting the observed line positions to
a semirigid Watson A-type Hamiltonian reflect the appreciable zero-point excursions of the H
molecule. Barriers for this internal motion are estimated utilizing a simple atom—diatom hindered
rotor Hamiltonian. According to this one-dimensional model, the barrier increases by about 15%
upon vibrational excitation which is mainly attributed to electrostatic effects.1997 American
Institute of Physicg.S0021-960807)00344-9

I. INTRODUCTION In a previous papel® IR predissociation spectra of the
H,—HCO" complex in the range of 2500—4500 chhave

In the last decade photodissociation spectroscopy obeen reported. Two intense intramolecular fundamentals,
mass selected ionic complexe$has been demonstrated to namely, v, (H, stretch,~4060 cnm?) and v, (CH stretch,
be a sensitive and selective technique for the investigation o£ 2840 cm'%), and several weaker combination bands gf
the intermolecular interactions in charged systems. In conwith intermolecular vibrations were observed. The vibra-
trast to their neutral counterpart8,ionic complexes are tional assignment was guided By initio calculations at the
spectroscopically far less well characteriZeédn our labo- QCISD(T) level. In agreement with previous computations,
ratory the focus has recently been placed on IR predissociahe global minimum of the complex was found to be the
tion spectroscopy of proton-bound compleX®s-Rotation- T-shaped proton-bound geometi€4,), with a binding en-
ally resolved spectra of dimers have revealed usefubrgy of D ~1440 cmi! and a barrier for internal frotation
information about their intermolecular potentials, while vi- of Vy~1160 cm ! via the linear transition stateC(.,). The
brational spectra have elucidated microsolvation phenomengbserved spectrum is consistent with this structure, but not
in larger clusters. The present paper extends a previous spegith other isomeric geometries predicted at higher energies
troscopic and theoretical studyon the T-shaped proton- on the cluster's potential energy surface, for example, an
bound H—HCO" dimer, a stable isomer of protonated form- oxygen-bound T-shaped minimum wi,~ 145 cni ..
aldehyde. This complex represents the stabilized The », fundamental was the only band for which the
intermediate of the astrophysically important exothermicrotational structure was not completely washed out by pre-
proton transfer reaction H+CO—H,+HCO". In contrast dissociation induced lifetime broadenif§Two subbands of
to the recently studied Rg—HCCOcomplexes(Rg=He, Ne,  this parallel transition have been observed, on&-6E type
Ar),"13H,—-HCO" features an additional possibility of hin- and one oflI-II type, corresponding & =0-0 and 1-1
dered internal rotation of the hydrogen moiély. transitions in the prolate symmetric top limit, respectively.

In the past, high resolution spectroscopic techniques\symmetry splittings of thelI-II subband were not re-
have proven to be useful tools for extracting structural propsolved. Therefore, both bands were analyzed separately in
erties of rigid molecules from the measured rotational conterms of a pseudodiatomic Hamiltonian. The resulting con-
stants. However, for floppy systems with shallow potentialstantsB= (B + C)/2 andD indicated that the intermolecular
minima and hence largely delocalized vibrational wave functqgnd is slightly shorter in thél states(with respect to the
tions, the conversion of spectroscopic constants into potersorresponding, states and also increases in strength upon
tial energy surface parameters is not trivial. The available,,l excitation. Asymmetry splittings, though not resolved,
spectral data usually probe only limited parts of the potentiajyere evident from thd dependent widths of thH-IT tran-
energy surface. Hence, their interpretation can significantlgition lines. The estimated magnitude of the asymmetry, re-
depend on the Hamiltonian used for the analysis. For eXpted to the differenc8—C, was not consistent with reason-
ample, Nesbitt and Naamdnhave shown that a low tem-  apje rigid geometries of the complex. It was, however,
perature rovibrational spectrum of an atom—diatom compleXhown to be compatible with splittings derived from a simple
with a T-shaped equilibrium structure can be reproducegne.dimensional internal rotor model assuming the calcu-

with reasonable accuracy by both a semirigid asymmetric topyied ab initio potential for the hindered frotation®
Hamiltonian and a simple one-dimensional hindered internal  The aim of the present study is to gain a deeper insight

rotor model. into the internal rotation dynamics of the,#HCO" com-
plex. For this purpose, the, band of the H-HCO" com-
dAuthor to whom correspondence should be addressed. plex has been reinvestigated under improved experimental
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conditions, resulting in spectra with better signal-to-noise raa decrease of the signal-to-noise ratio. The reduction of the
tios and increased spectral resolution. In particular, the asymaser power led to laser limited widths (0.02 i of the v,
metry splittings in thell-II transition, which are essential rovibrational lines because saturation of the transitions could
for a more detailed analysis of the internal rotation, could bébe avoided. The previously measured linewidth of
resolved. Additional information is provided by the corre- 0.06 cm, mistakenly attributed to lifetime broadenity,
spondingv, spectrum of the isotopic 2-DCO* complex, arose from saturation effects.

because it probes lower lying parts of the hindered rotor

potential due to the smaller zero-point energy. IIl. RESULTS AND DISCUSSION

Figures 1 and 2 show the photofragmentation spectra of
Il EXPERIMENT H,—HCO" and D—~DCO" in the regions of theiw, vibra-
Mid-infrared spectra of mass selected ,HICO*  tions(H,/D; stretch. The bands have the rotational structure

(D,—~DCO") ionic complexes were recorded by means ofof a parallel(A-type) transition of a slightly asymmetric pro-
photodissociation spectroscopy in a tandem mass spectrorffite top. The small asymmetry is expected from abeinitio
eter. The experimental technique and setup have been gatructuré® which corresponds to & parameter of-0.99986
scribed in detail previousl{?31° Briefly, the parent com- and —0.99978 for H-HCO" and D,-DCO", respectively.
plexes were produced in an electron impact ion source byne projection of the total angular momentuimonto the
expanding a mixture of CO, HD.), and He with a ratio of intermolecular axisK,, can therefore be considered as a
about 1:50:50 and a backing pressure of 5 bars through B€arly good quantum number.

pulsed nozzle. The first quadrupole mass spectrometer se- N the case of B-HCO", two subbands are observed
lected the species under study from the variety of jongorresponding td,=0-0 (3-%) and 1-1(II-II) transi-
present in the skimmed supersonic expansion. After passingPns. The nuclear spin functions of even and ddidstates
through a 90° quadrupole deflector the parent ion beam wasave different symmetry corresponding to #reho andpara
injected into an octopole ion guide where it was overlappednodifications of molecular hydrogen. Hence, batrand 11

in space and time with tunable infrared radiation emitted bystates are significantly populated even in a cold beam be-
a pulsed optical parametric oscillat¢dPO laser system Cause spin relaxation rates are usually sifallhe spectrum
with 0.02 cni’ ! bandwidth. The absorbed photon energy ex-shown in Fig. 1 is similar in appearance to the one presented
ceeded the binding energy of the cluster ion and eventualI?reViOUSly-lo However, in the present study the asymmetry
induced its dissociation into HCO(DCO") ions and H splittings in theP andR branches of thél-II subband are
(D,). The second quadrupole transmitted only the fragmenlfesolved for transitions involving levels with larger than
ions which were subsequently measured with a Daly detedive (see inset in Fig. )}l allowing for the determination of
tor. Photofragmentation spectra were obtained by monitoring — C. Furthermore, transitions between higleevels are

the fragment ion intensity as a function of the photon fre-0bserved in the present study, leading to more accurate con-
quency. stants(Table ).

To compensate for any background signals, mainly aris- ~FOr the —DCO" isotopomer, several transitions of the
ing from metastable fragmentation of hot clusters, the jorA—A (Ka=2-2) band are identified in addition to lines of
source was operated at twice the laser frequei@ty H2), the -2, and II-1I bands(Fig. 2, Table I). Two factors
whereby the laser-off signal was subtracted from the laser-officréase the\ state population of B-DCO" compared to
signal. Due to the low transiton moment of the, H,—HCO". First, the smaller rotational consta® of
vibration° the laser-induced dissociation signal of intenseD2~DCO" (bp,~30 cmi™*, by, ~60 cm*)*® leads to a larger
lines was, under typical experimental conditions, less thapopulation of higheK, states for a given temperature. Sec-
50% of the one arising from metastable decomposition. ~ ond, the spin statistical weights favor evkn states with

Calibration of the laser frequency was accomplished byespect to odK, states in the case of BDCO" (2:1),
recording optoacoustic spectra ofHG and HDO utilizing ~ Whereas the situation is reversed foHiCO" (1:3).
the signal and idler outputs of the OPO system, The unresolved) branches of théI-II and A-A tran-
respectivelyt® Etalon fringes(free spectral range4 GHz  sitions provide a definitivd assignment in the respectie
were simultaneously monitored and improved the accuracgnd R branches. In the case of,BDCO', the clear obser-
of the calibration compared to the previous stdfiy.ine  vation of theP(1) andR(0) lines determines the position of
positions were corrected for the Doppler shift caused by théhe band gap of th&—X band. Unfavorable nuclear spin
kinetic energy(several eV of the ions in the octopole. The Wweights for the H-HCO" X state lead to vanishing line
precision of absolute line positions<0.02 cm'Y) is limited  intensities near th&—3 origin. For this band, thé@ number-
by the uncertainty of the kinetic energy of the ianisl eV).  ing was prompted by the hindered rotor simulations de-

The main experimental improvements compared to thescribed below. The band origin determined at 4064.8%¢im
previous work® include the installation of an IR power about B~1cm larger than the previously reported
meter used for laser intensity normalization and a more flexvalue® of 4063.8 cm?, reflecting the shift in thd number-
ible gas inlet system allowing more gas components to béng by one unit.
mixed. Substantially higher parent ion currents enabled spec- In the H—~HCO" spectrum an additional sharp
tra to be recorded at significantly lower laser power withoutQ-branch-like feature is observed at about 4065.8tm
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FIG. 1. Infrared photodissociation spectrum of thevibration of H,—HCO". The arrow indicates an unassign@cranch at around 4065.8 cth The inset
shows theR(6) andR(7) lines of theX—3, subband, and thR(9)—R(11) doublets of théI-IT subband. Peaks in the inset marked by an asterisk correspond
to unassigned lines.

This band is not yet definitively assigned and is probably duaveak series of lines, some of which are marked by arr-aste
to a sequence transition involving and either an intermo- isk in the inset of Fig. 1. They are not connected to the
lecular or intramolecular bending vibration. A correspondingabove-mentione® branch and probably also correspond to
band has not been identified in the spectrum ¢£DCO", various sequence bands.

possibly due to the interference with strongband lines. In As mentioned in Sec. Il(at least two different model
addition, the H-HCO" spectrum shows several unassignedHamiltonians may be used to analyze the obsemgtand

-z P(15 P(14
D,-DCO* (15) (14)
II-IT P(13) P(12)
A-A P(6) P(5)
2914.2 ‘ 2914.7 .

UL

L 1 1 1 1 1 1
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v [cm™!]

FIG. 2. Infrared photodissociation spectrum of thevibration of D,—DCO". The inset shows thB(14) andP(15) lines of the2-3, the P(12) andP(13)
doublets of thdI-II, and theP(5) andP(6) lines of theA—A subbands.
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TABLE I. Rotational constantén cm™?) obtained for H—HCO" by fitting
spectral line positiorisof the v, band to a Watson A-type Hamiltonian.

H,—HCO" -3 -1 S—3/MI-11
B” 0.490245) 0.489498)
cr 0.483998) 0.483178)
B” 0.4867415) 0.487125) 0.486336)
D4x 108 4.0(fixed) 3.52.0 3.664)

D4 x 10* —10.28)

B’ 0.491485) 0.490768)
c’ 0.485147) 0.484368)
B’ 0.4880214) 0.488314) 0.487566)
D, X 10° 4.0 (fixed) 3.31.9 3.464)
D,y X 10* —9.88)
AA=A"—A' 4.52966) 4.53006)
o 4064.816434)  4060.29286)°  4064.82206)
R branch R(2)-R(29) R(1)-R(29)

P branch P(1)-P(14) P(2)-P(36)

Q branch 4060.2Q)

used lines 42 134 176
rmsx10° 8.2 6.3 7.0

@Available from the authors upon request.
bSubband origin is calculated from,— AA.

spectrai(a) a semirigid asymmetric top Hamiltonian afi)
a one-dimensional hindered rotor Hamiltonian of a floppy
molecule. Both strategies will be discussed separately.

A. Semirigid asymmetric top analysis

The degeneracy of eachlevel in K,# 0 manifolds of a
prolate symmetric rotorg=C) is removed in an asymmet-
ric prolate top(K-type doubling®. For small asymmetr
—C, the resulting splitting is proportional tdB( C)Xa. It
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K,>1 manifolds and consequently not resolved in the
present study for thA—A band of B—DCO".

The measured transition frequencies were fitted to a
Watson A-type Hamiltonig? including centrifugal distor-
tion constantsD; and D;x. The resulting parameters are
compiled in Tables I and Il. Each subband was fitted sepa-
rately, and a global fit including the lines of the-3 and
IT-IT subbands was conducted as well. InclusionAsfA
transitions for B—DCO" drastically increased the residual
standard deviation, a first indication of the nonrigidity of the
complex.

The rotational constants obtained from the fit cannot be
directly converted into physically meaningful equilibrium
structures. The ab initio geometry® of H,—HCO"
(D,—DCO%) corresponds to an asymmetrB—C of
0.0042 cm?! (0.0032 cm?) in comparison to the signifi-
cantly higher values of 0.0063 crh (0.0040 cmY) ex-
tracted from the global fit to the experimental data. It is
impossible to find a reasonable structure which simulta-
neously matches the ground stdeand B—C values of
H,—HCO". For example, fixing the HCOmonomer struc-
ture at the recommended valdes(roy=1.097 A, reg
=1.105 A) and varying the intramolecular Hbond length
together with the intermolecular separation in the T-shaped
configuration leads to an intermolecular bond length of 1.84
A, somewnhat larger than thab initio value® of 1.74 A, and
to a large and unrealistic increase of thebiénd length from
0.74 A in the monoméf to 0.95 A in the complex. In addi-
tion, no structure could be found that simultaneously repro-
duces theB and B—C constants of both H-HCO" and

appears in the IR spectra as the difference of the splitting ob,—-DCO". These observations are again interpreted as

the lower and uppel levels involved in the respective tran-
sition. The observed splitting is largest for the-IT sub-
band, where it scales with(J+1). It is much smaller for

TABLE Il. Rotational constantéin cm™1) obtained for B-DCO" by fitting
spectral line positiorisof the v, band to a Watson A-type Hamiltonian.

D,—DCO" 3-3 -1 A-A S—SM-I1
B” 0.303214) 0.303305)
c” 0.299158) 0.299275)
B" 0.301284) 0.301184) 0.301616)  0.301294)
D} x10° 1.6 (fixed) 1.63.3 1.51.0 1.574)
D’ X 10* 1.45)
B’ 0.303745) 0.303845)
c’ 0.299597) 0.299715)
B’ 0.301794) 0.301674) 0.3008@6)  0.301784)
Dix1¢° 1.6 (fixed) 1.53.0 3.29.0 1.594)
D}x10* 1.35)
AA=A"—A' 1.31054) 1.30031) 1.324Q4)
o 2923.295611) 2921.973B4)° 2918.08874)° 2923.29684)
R branch R(0)-R(28) R(1)-R(29) R(2)-R(10)

P branch P(1)-P(29) P(2)-P(27) P(3)-P(10)

Q branch 2921.92) 2918.082)

used lines 58 108 36 166
rmsx10° 34 4.1 2.4 4.2

@Available from the authors upon request.
bSubband origin is calculated fromy— K X AA.

J. Chem. Phys., Vol. 107, No

evidencé? for the nonrigidity of the complex which is partly
accounted for in Sec. Il B.

Though the rotational constants are influenced by the
internal rotation dynamics, most sensitively the asymmetry
B—C, they can be used to estimate some properties of the
complex in a qualitative way. In general, the constdhend
C (and thus als®) increase upon vibrational excitation, i.e.,
the interaction in the upper state is stronger, leading to a
shorter intermolecular bond. The evaluation of intermolecu-
lar separations via a pseudodiatomic appro&chssuming
undistorted monomers, resulted in slightly different values
for H,—HCO" and D,—DCO" in both vibrational states. The
larger value for B—HCO" (Ryy_,=1.84 A forv,=0) com-
pared to D-DCO" (Rp_p,=1.81 A for v;=0) is due to
larger zero-point motions in the former complex. Both values
are also larger than thab initio R, distance of 1.744 A,
Again, zero-point effects and the significant anharmonicity
of the intermolecular stretching motion may at least partly
account for this discrepancy. The increase in bond strength
upon vibrational excitation is indicated by the decrease of the
intermolecular separations of 0.008 and 0.005 A for
H,—HCO" and D—DCOQO", respectively. The intermolecular
radial force constant can roughly be estimated as 10 N/m,
again by applying a pseudodiatomic appro&ch.

. 20, 22 November 1997
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B. Hindered rotor analysis TABLE lll. Parameters(in cm %) used for the matrix diagonalization de-
scribed in Sec. IlI B.

The anomalously large asymmetry splitting obtained

from the semirigid rotor analysis can be attributed to the H,~HCO"  H,-HCO"  D,-DCO"  D,-DCO’
hindered rotation of the hydrogen molecule. In order to v1=0 v1=1 v1=0 vai=1
model this internal motion, a simple atom—diatom hindered g~ 0.4863 0.4876 0.3013 0.3018
rotor Hamiltonian is employed which has been described in p 58.247 55.185 29.350 28.271
detail elsewheré*?®24The model treats the formyl ion as a V- 818 818

point mass. In addition, the radial dependence of the inter- Vs —118 —118

molecular potential is neglected.
The model Hamiltonian can be written in space-fixed

coordinates as minimum geometry of the complék(r,=0.751 A) and the
N T known «, parameters of free molecular hydrog@062 and
H __k:J +BIT+V(9), @ 1.079 cm'* for H, and D,, respectivel}?). A basis set con-
whereBI? describes the end-over-end rotation of the atom-taining functions up tq max=13 andl ma=J+jmax Was suffi-
diatom complex and;j? the internal rotation of the diatom. Cient to converge the eigenvalues foup to 36 to better than
The latter motion is hindered by the intermolecular angulai0-001 cmi* for the lowests, I1, and A manifolds in both

potential V() which is expanded in a sum of Legendre Vibrational states. The expansion of the potential was trun-
polynomials cated at\=4, andV, was arbitrarily set to zero. Figure 3

shows the potential for the vibrationless state and the range
of calculated energy levels of HHCO' and D—~DCO"
probed by the experiment.
. i i . Three types of experimental data may be compared with
where ¢ is the angle between the diatom axis and the interyhe simulations(i) observed transition splittings in tieand
molecular axis. The Hamilton matrix is diagonalized usingr pranches of the respectivid—I1 transitions which arise
basis functions of the form from the difference in the asymmetry splittings of a ground
stateJ level and an excited statd*+1 level; (ii) relative
yy\'= > <j|mjm||JM>ijjY|m|- (3)  shifts of theA—A andII-II transition origins with respect to
mim those of thes—3. bandsiii) differences of the splittings of a
j:jA-i—lA describes the total angular momentwith projec- I1 stateJ andJ+ 2 level of the same vibrational state which
tion M onto the space-fixed axis), and Yiijlml are the can be extracted by forming “combination differences.” In

products of spherical harmonics related to the internal an@Minciple, the combination differences should allow for the
end-over-end rotations, respectively. determination of th&/, andV, potential parameters for each

V(0)= ; V,P,(cos6), 2

The y;" are eigenfunctions of the operatgfs 12, 32,
andJ,. Thereforej, I, J, andM are good quantum numbers

in the limit of free internal rotation. The anisotropic part of H,-HCO* D,-DCO*
the potential mixes states with the sathand parityp’ =

(=), but differentj andl. The symmetry of the homo- 1200 - -
nuclear diatom causes terms with oddn the V() expan-

sion(2) to be zero. Thus, only evedier odd | states interact 1000 | T, 4

with each other througW(6), corresponding taertho and -
para modifications of the complex. Matrix elements of the —'7— 800 -
space-fixed Hamiltoniafl) with the basis function$3) are E
given elsewheré®?* A correlation diagram which illustrates 9,
the behavior of energy levels on transformation from a rigid —~ Ay \------ II
asymmetric top to a free internal rotor by decreasing the 8 400 ' 2
potential barrier may be found in Ref. 23. For a T-shapec > s I Ay
complex (V,<0) and a potential that is dominated by g 200 |- ) IT, J
term, the effect of decreasing the potential barrier on the 1 Zy
semirigid asymmetric top energy levels is to increaselihe ol v 4 T B
state asymmetry splittings and to shift the energies of the 0 0 60 90 120 150 180
variousK, origins. Both observations can be used to infer 0
details of the hindering potenti&l(6) from the experimental
spectrum. FIG. 3. One-dimensional potential to model the hindergdB}) rotation in

For the calculations the parameters presented in Table IlrI*,z,—HCO+ (?%—DCQ*) in the vibrational ground statév;=818cm*, -
were used. Th& values were taken from the experimental \}é4=—118 cm *). Indicated are the calculated p05|t|0n§ of the Iowgst lying

. ; states as well as the highest levels observed in the experiment for

data(Tables | and IJ. Theb values were estimated from the H,~HCO" (left) and D~DCO" (right), respectively. Splittings of thél,
ab initio structure of the hydrogen molecule in the T-shapedevels are not shown.

600 |- .
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vibrational state separately. The quality of the data is, howeffects may become significant for highlevels. While the
ever, not sufficient to provide them with the required accu-origin shifts J=0) are sensitive to the lower part of the
racy. Hence, it was decided to consider all three types of datpotential, the transition splittings measured up to highv-
(i—iii) for the simulations, which gave harder restrictions forels also probe the upper part. This may explain why within
the potential parameters. As expected, the relative shifts d¢he simple model the origin shifts and the transition splittings
the origins are most sensitive to changes in the shape of thennot be fitted best with the same set of potential param-
potential induced by vibrational excitation. eters. The neglect of the internal rotation of HC& prob-

For the lower state, the potential obtained from #ie  ably a fair approximation because the rotational constant of
initio calculation$® was employedV’ andV) were taken as HCO", byco+=~1.5 cmi'l, is significantly lower than the bar-
818 and— 118 cm'%, giving rise to a barrieN=3 V4+5  rier for this internal rotatior? Vy,~1300 cn’. As a further
V,=1153 cm* (Fig. 3). This potential is compatible with approximation, the potential () in (1) was assumed to be
the experimental lower state combination differences. Thédentical for H—HCO" and D,~DCO". However,V(6) is a
corresponding upper state paramet®sandV,, were then potential averaged over other degrees of freedom, including
varied to simultaneously fit the experimentally observedthe intramolecular kland CH bond lengths as well as the
I1-I1 transition splittings, the measured relative origin shifts,intermolecular separation. Vibrational averaging of the hin-
and the upper state combination differences for both comdering potential over these coordinates will lead to slightly
plexes. It was not possible to find an upper state potentiadifferent potentials for the protonated and the deuterated
parameter set that simultaneously minimizes the differencegomplex. Finally, the increase in the radial binding energy
between experimental and simulated transition splittings anéhduced by thev; vibrational excitation was assumed to be
the origin shifts. Fits to the transition splittings alone resultedthe same fo, 11, andA states. Only under this condition,
in V,=912+10cm !, V,;=—-91+11cm}, andV,=1311 the experimental relative origin shifts can be compared with
+22cnm}, whereV, and V, are linearly correlatede.g., the simulated ones. In view of the apparently different bind-
V,=922 cmi! corresponds toV,=-80cml, and Vv, ing energies of the complex in the varioks states(see
=902cm? to V,=-102 cmY). Fitting only the origin  below), the validity of this approximation may be question-
shifts yieldedv,=918+ 14 cm !, V,=—72+14cm?, and able.

V;=1332+30 cm L. Bracketing both intervals fov| gives

an estimated barrier height of 13286 cmi %, which corre-

sponds to an increase of 1¥36 cm ! (=15%) upon vibra-  |v. FURTHER DISCUSSION

tional excitation. For the presented sets/gfandV, param-
eters, the calculated origin shifts, transition splittings, as wel
as the combination differences showed deviations from the The barrier for the internal rotation of the,Hnolecule
experimentally determined values of less than the laser bandrises from the anisotropy of the intermolecular potential.
width of 0.02 cm. The considerably higher proton affinity of Q894 kJ/mo}*®

Another criterion for judging the degree of the rigidity of compared to K (423 kJ/mo)?® implies that the complex can
the H,—HCO" complex along the internal Hotation coor-  essentially be considered as aprholecule associated with a
dinate is provided by the frequency of the intermolecularslightly distorted HCO ion. To estimate the anisotropy of
in-plane bending motion of the fHunit (vg). Theab initio  the long-range part of the interaction, the potential can there-
calculations predict a harmonic frequency of 608¢nfor  fore be approximated by the leading electrostatic and induc-
this vibration!® In the limit of a free internal rotor, the tion terms arising from the monomer properties, namely, the
ground and first excited bending states correspond to thiateraction between the positive charge of the HCOn
lowest 2, states with rotational quantum numbef3Kjl)  with the quadrupole moment and the polarizability of the H
=(0000 and (0011). They are separated by approximately molecule:
2b which amounts te=120 cm ! in the case of the kcon-
taining complex. From the hindered rotor simulations utiliz- = _
ing thev,=0 potential, a spacing of 491 crhis obtained, Vi(R.6) 8meoR (300 9=1)
which is closer to the .value of the rigid' harmonip oscillator 1 Q%(a cof §+a, sir? 6)
than that of the free internal rotor. This result is expected - = 7 . 4
because the barrier 6¢1150 cm* is much larger than the 2 4meR
internal rotor constant of60 cm . Here,Q is the ion charge® the quadrupole moment of,H

Now, several deficiencies of the employed hindered ro{+2.12< 10" “° Cn¥),?® R the distance between the, lden-
tor Hamiltonian will be discussed. The one-dimensionalter of mass and the ionic charge, and and «; are the
model neglects couplings of the internaj kbtation to other  perpendicular and parallel volume polarizabilities of H
degrees of freedom. As can be seen from Fig. 3, the calcu©.79 and 0.93 A, respectively.?’” The charge—quadrupole
lated energy levels of J4+HCO" and D—~DCO" probed by interaction plays the dominant role in stabilizing the
the experiment cover almost the entire potential. ConseH,—HCO" complex in the T-shaped configurati¢see also
quently, the effects of angular—radial couplings may be im+ig. 2 in Ref. 10.
portant because the intermolecular equilibrium separation The contribution to the barrier heigh¥/{) arising from
depend® on the angles. In addition, centrifugal distortion the long-range potentid¥) is given by

IA" Barrier for H , internal rotation

QO
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Vu(R)=V,(R, 8=0°) — V(R 6=90°) : : : :

. 3Q0  Q¥o—ay) . le ¢ 1
- 8megR®  8megR? ® i 1

Near the equilibrium distanc&R=2-3 A), V,, is dominated
by the electrostatic part while the induction term contributes 5
less than 20%. In the vibrational excited state, the quadru ' or
pole moment of His ~11% (Refs. 28 and 2Pand ¢
—a, is ~23% (Refs. 30 and 3lllarger than in the ground
state, leading to a net increase in the barrier height of ap
proximately 9%. The slight decrease of the intermolecular
bond length upon vibrational excitation increases the barriegig. 4. correlation between the, frequencies(H, stretch and binding
by less than 1%. energies of various $+M* complexes. The values are taken from Table

A further contribution to the barrier height may arise V. For comparison, the frequency of the uncomplexed fdonomer
from the short-range repulsion. The relative magnitude 0](A_H0=O) is included as well. The line represents a linear fit to the data
this effect is difficult to estimate. However, this contribution boints.
will also slightly increase upon vibrational excitation of the
H, stretch, because steric hindrance will be enhanced due to additional electrostatic and induction forces, but also
the shorter intermolecular bond and the simultaneouslyauses a larger angular anisotropy in the intermolecular po-
longer H, bond. The hindered rotor simulations described intential, which mainly arises from the charge—quadrupole in-
Sec. Il B gave an increase in the barrier height of roughlyteraction. Though the barrier of,~10° cm™ ! is signifi-
15% upon excitation, suggesting that the dominant contribueantly larger than the Hrotational constant, the effects of
tion to the barrier comes from the electrostatic anisotropiche nonrigidity are clearly visible in the spectrum of the com-
terms rather than from the repulsive interaction. It is notedpblex. Ab initio calculations predict for the related T-shaped
that for NH; —Rg ionic complexes the angular potential an—HZ_H3+ complex D.~2800cm?l) a barrier of about
isotropy for fixed intermolecular separations is also con-2150 cmi* for the internal H rotation via the planar transi-
trolled by long-range interaction@ this case by induction tion state with the b molecule oriented along the intermo-
and dispersion forces*3* lecular bond®® Both the binding energy and the barrier for

The barrier for internal Hirotation in b—HCO" may be  H, rotation are larger in this complex compared to
compared with respective barriers in complexes where moH,—HCO", suggesting a correlation between the intermo-
lecular hydrogen is associated with other neutral or ionidecular bond strength and the internal rotation barrier height
species. Due to the large rotational constant {60 cm') in similar complexes composed ofnd molecular ions.
large barriers are necessary to effectively quench this internal
motion. The best characterized three-dimensional potenti
energy surface of an atom—diatom system is probably that of”
H,—Ar.343*The attractive interaction in this system with lin- The »; fundamental is dipole forbidden for the free hy-
ear equilibrium structure is governed by dispersion energydrogen molecule; however, complexation with the formyl
The barrier for internal rotation is less than 10¢mi.e., ion induces a nonvanishing transition moment for this mode
significantly smaller than the rotational constant of H along the intermolecular axis. A further effect of clustering is
(=60 cm ) which is of the order of the binding energy of the reduction of the frequency of this vibration by
the complexD,~50—60 cm™. The zero-point energy level —96.4cm* from 4161.2 cm? in the free H moleculé®
lies above the barrier, resulting in an almost free internadown to 4064.8 cm! in the H,—HCO' complex. For the
rotation of H. Similarly, in the even weaker bound §4  deuterated complex, the corresponding frequency drops upon
dimer (Do~3 cm %), the hindering potential terms are much complexation by —70.3 cm? from 2993.6 (Ref. 39 to
smaller than the diatom rotational const&hSpectroscopic 2923.3 cm?®. The observed redshifts directly reflect the
studies on BH-HF revealed that this complex has a T-shapedstronger intermolecular bond in the vibrational excited state,
minimum geometry>3" as is expected from the long-range mainly arising from the increased electrostatic and polariza-
dipole—quadrupole interaction. The internal rotor constant igion interaction. As expected, the magnitude of thefre-
in this case smaller than the barrier of about 230°tfor H,  quency shifts of 2.3% in the H-HCO'/D,—~DCO" ionic
rotation and also below the binding energy-efl50 cm L. complexes is significantly larger than that of related neutral
Though the angular anisotropy is large enough to lock thespecies. For example, in,HRg systemgRg=Ar, Kr, Xe)
complex in the T-shaped geometry, the effects of zero-pointhe redshift& are less than 3 cnt (=0.07%).
excursions on the spectrum of the HF vibration cannot be As has been suggested previouSiyhe reduction of the
neglected. v, frequency in complexes of Hvith molecular ions 1)

It appears that, compared to the neutrgl ¢dntaining can be correlated with their intermolecular bond strengths.
systems, the charge in the+HCO" ionic complex implies  Figure 4 and Table IV compare thg frequencies with the
not only a stronger and thus shorter intermolecular bond, dubinding energies for a number of,HM ™ complexes, and

free Hy

+
CH7*

I 1 " L h
3900 4000 R 4100 4200

vy [em]

Frequency shift and binding energy
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TABLE+ IV. H, stretching frequencies and binding energies for selectedThis disagreement arises partly from the fact that the exten-

H,-M ™ complexes. sion of the charge distribution in the molecular ion and re-
M+ — AH(H,—M ) (kJ/mol) py(cmY) pulsive Contributi(_)ns to the intermolecular bond have been

neglected. In addition, the formation of the complex may be

:f(; itfa ‘L%‘éi accompanied by some amount of electron density donation
HNG s 305 fro_m the H, o bond into the intermolecular bond, thus weak-
CH; 74 2077 ening the H bond and strengthening the intermolecular bond
Hy—CHY 7.4 4088 due to covalent-type bonding. Though this effect may be
CHZ 17 3964 small for H,—HCQO", it will be significant for complexes of
Hs 29 3910 H, with protonated iondMH™, whereM has a similar or
Hy 14 3980 even smaller proton affinity as,Hfor exampleM =H,, Ar,
H; 13 4020 or Kr.
*Ref. 41. 'Ref. 53. Analysis of the relative intensities of tHé—II and>—2
‘C’Ref- 49. zRef- 54. subbands reveals that the former is somewhat stronger than
dgg' g(l’ igg' 553 expected for both F-HCO" and D,—~DCO". Assuming that
*Ref. 52. iRef. 57. the complexes are formed under high temperature conditions

and cooled down by subsequent collisions, the intensity ratio

should be determined by the nuclear spin weight sfeven
indeed a systematic trend is found. Complexes with strongeand K=odd states, i.e., 1:32:1) for the II-II and %%,
intermolecular bonds feature larger redshifts. A connec- subbands of -HCO" (D,—~DCO"). In the low temperature
tion between the; frequency and the electrostatic interac- limit, the K-type doubling of thdl state has to be taken into
tion energy in B—=M* complexes has been derived by Poll account, leading to a corresponding ratio of 1262). The
and Hunt!? In a perturbation approach, they calculated theexperimental spectra show, however, relative intensities of
Stark shifts of the Hand D, v, frequencies induced by the approximately 1:8(2:5). In the D,—DCO" spectrum, the
presence of a point charge located at a distéhesvay from  lower population of the state can only partly be explained
the molecular center of mass. The potential givefdinwas by incomplete collisional cooling of thA state population
added to the zero-order Hamiltonian of molecular hydrogerinto the 3, state. Another reason for the enhandédstate
as the perturbation term. The charge-induced redshifts calcypopulation for both isotopic complexes may arise from the
lated in Ref. 42 for selecteR values are plotted in Fig. 5 higher binding energy ofl state complexes leading to an
against the electrostatic and induction energy obtained frorenhanced production in the ion source. The probability for
Eq. (4), and a nearly linear dependence between these twine hydrogen molecule to sample the energetically higher
quantities is found. FOR~2.65 A, thev; redshifts of H  lying linear configuration is larger in the state compared to
and D, are calculated to be 97 and 70 thi.e., quite close thell state’® The resulting weaker and longer intermolecular
to the shifts of —96.4 and —70.3cm® measured for bond in theY state is also indicated by the respective rota-
H,—HCO" and D,—DCO", respectively. Taking into ac- tional constantgsee above Finally, it is noted that a similar
count the calculateéb initio geometry'® this implies that effect was previously observed in the IR spectra of the re-
according to this model the effective “point charge” in lated complexes HHF and B—HF (Refs. 23 and 317
H,—HCO" is located on the CH bond some 0.2 A away from
the C atom. For comparison, the Mulliken anal§3jsredicts ) o
the center of charge to lie about 0.4 A away from carbonC- Rotational distribution

To estimate the rotational temperature describingXhe
level population, Boltzmann plots are created for HheX,
300 ' and II-IT bands of D-DCO" and the II-II band of
H,—HCO" (the latter one is shown in Fig)6The3 -3, band
of H,—HCO" and theA—A band of D—DCO" were too
weak to extract reliable information about their rotational
distributions. The absorption intensities were approximated
by those of a rigid symmetric to,

200

Avi [eml]

ol I =constx AX vx gx e (FKT), (6)

which include the Hol-London factorA, the transition fre-
quencyw, the respective degeneracy factgrsand the expo-
nential Boltzmann term. In addition, it is assumed that varia-
tions in the photodissociation cross section are solely arising
from the absorption cross sections, i.e., the line intensities
FIG. 5. The redshift of the fundamental frequency gfiktluced by a point are not affected by dlffermg pre@ssom.a}tlon rates of the up-
charge at certain distancBsaway from the molecular center of mass vs the PET state levels. The integrated intensities of khell tran-
interaction energysee text and Ref. 42 for details sition doublets were added for eadh and the normalized

1 I 1 1 1 1
-4000 -3000 2000 -1000 0
E [em™1]
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lar anisotropy of the long-range intermolecular forces which

-10 in this particular case is dominated by the charge—
20K quadrupole interaction. Thus, the approximate 15% increase
-1 of the barrier uporv, excitation can be rationalized by the
= 121 larger quadrupole moment of molecular hydrogen in the vi-
2 brational excited state. A systematic comparison of com-
E’ -13 plexes composed of Hand molecular ions suggests a corre-
lation between their complexation induceg redshifts and
14 160K their intermolecular bond strengths.
-154 Q
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