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Infrared spectrum and stability of a  «-type hydrogen-bonded complex
between the OH and C ,H, reactants

James B. Davey,® Margaret E. Greenslade, Mark D. Marshall,”’ and Marsha I. Lester®
Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323

Martyn D. Wheeler
Department of Chemistry, University of Leicester, Leicester, United Kingdom LE1 7RH

(Received 18 March 2004; accepted 14 May 2004

A hydrogen-bonded complex between the hydroxyl radical and acetylene has been stabilized in the
reactant channel well leading to the addition reaction and characterized by infrared action
spectroscopy in the OH overtone region. Analysis of the rotational band structure associated with
the a-type transition observed at 6885(%8 cm * (origin) reveals a T-shaped structure with a
3.3275) A separation between the centers of mass of the monomer constituents. The=QH (
product states populated following vibrational predissociation show that dissociation proceeds by
two mechanisms: intramolecular vibrational to rotational energy transfer and intermolecular
vibrational energy transfer. The highest observed OH product state establishes an upper limit of 956
cm 1 for the stability of ther-type hydrogen-bonded complex. The experimental results are in good
accord with the intermolecular distance and well depth at the T-shaped minimum energy
configuration obtained from complementaalp initio calculations, which were carried out at the
restricted coupled cluster singles, doubles, noniterative triples level of theory with extrapolation to
the complete basis set limit. @004 American Institute of Physic§DOI: 10.1063/1.1768933

I. INTRODUCTION throughab initio calculations. Early calculations by Sosa and
Schlegel used unrestricted Hartree-Fock and Mgller-Plesset
perturbation theory to characterize the reactant complexes
and transition states for the OH addition reactions to acety-
lene and ethylengA reactant complex has been offered as
an explanation of the small negative activation energy in the
addition of OH to ethylen&;® and may also play a role in
the initial addition of OH to acetylene, which has a small
positive activation energy. The reactant complexes are pre-
dicted to have a T-shaped structure with the H atom of OH
pointing toward thew bond of acetylene or ethylene. The

The reaction of hydroxyl radical€OH) with acetylene
(C,H,) is of importance in the degradation of acetylene to
CO,, both in the atmosphere and in diffusion-controlled
flames!? Kinetic studies have shown that the @C,H,
reaction proceeds by electrophilic addition at low tempera
tures (T<=450K) to produce the HCCHOH radical interme-
diate and by hydrogen abstraction at high temperatufes (
=1000K) to yield GH+H,O. Near room temperature, the
dominant mechanism is electrophilic addition of the OH

radical to thew bond of acetylene. The addition reaction
forms an initially energy-rich HCCHOHadduct, which can OH-acetylene complex was computed to have a well depth
' between 2.4 and 3.2 kcalmdl at a center-of-mass separa-

dissociate back to reactants or be collisionally stabilized with: f-35 A with about 1.0 kcalmolt of int
bath gas M to the HCCHOH radical intermediate, the latte lon Oyr, Sj ) ii thl h"’_l rc])u | ' lalga' r_r:_o OI zle;p-pomf
step giving rise to a pressure dependehce. energy. Significantly higher levelab initio calculations o

the OH-acetylene reactant complex are carried out as part of

C,H,+ OH« HCCHOH the present study, which complement the first experimental
HCCHOH* 4+ M— HCCHOH- M investigation of Fhe OH-acetylene complex that is the pri-
_ _ mary focus of this paper.
The recommended value for the associated rate con@tant The predicted structure of the transition stéf&1) for

the high pressure limit is k¥F=9.0x10 *cm®  the addition reaction differs from the reactant complex pri-
molecule *s™*.2 The temperature dependence of the ratemarily in the orientation of the OH radical with respect to the
constant yields a very small activation energy of only 1.3acetylene molecule. In the reactant complex, OH lies perpen-
kcal mol™* in the high pressure limit. dicular to thes bond of acetylene, while at the transition
The stationary points along the addition and abstractiortate the O atom of the OH radical is rotated toward the
reaction pathways, shown in Fig. 1, have been identifie¢arhon atom to facilitate forming the new C—O bordThe
barrier height was not well determined in eadp initio
dCurrent address: Department of Chemistry, University of Leeds, Leedsgalculations, but more recent high-level calculations place

UK LS2 9JT. the classical barrier height with zero-point corrections at 2.7

P0n sabbatical leave from Department of Chemistry, Amherst College, P.O 1 e
Box 5000, Amherst. MA 01002-5000. kcalmol ™! above the reactant asymptdfeThe transition

9Author to whom correspondence should be addressed: 236 573-  State(TS2) for the hydrogen abstraction reaction is predicted
2112. Electronic mail: milester@sas.upenn.edu to lie significantly higher than TS@Ref. 10 and, as a result,

0021-9606/2004/121(7)/3009/10/$22.00 3009 © 2004 American Institute of Physics
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TS2 comes fully quenched as it evolves along the ©€,H,
20 1 o T s reaction coordinate to the HCCHOH radical intermediate, as
- ~ oy e . . . . .
P CCH_+HZO it is in other cherglcally bonded free radicals with a single
. 101 . unpaired electrof’
g /// IR TSI The structure of the OH-acetylene complex is expected
8 0] —== LT to closely resemble that of the closed-shell analogs
= OH+CH, E(;I: o Y acetylene-HF and acetylene-HCI, which have been studied
zEB 40 ?2 . i theoretically as well as experimentally via infrared and mi-
2 3 &-21 These closed-shell complexes have
ks \ crowave method _ _ plex \%
\ T-shaped structures withXd(X=F,CIl) forming a hydrogen
20 1 \\ ’-% bond perpendicular to and bisecting the triple bond of acety-
=00 lene, in which the hydrogen atom ofXHis closest to the
-30 - HCCHOH triple bond?>?! By contrast, the acetylene-water complex fa-

Reaction Coordinate vors a different configuration in which the water molecule
acts as a proton acceptor from one of the acetylene hydrogen

FIG. 1. Schematic pathways for the OH angHg addition and abstraction  5toms22:23 The configuration in which the water molecule
reactions. The properties of the transition states are obtaineddboimitio . . .
theory>®while those of the reactant complex are determined from this anaactS as a proton donor t_o the acetylene triple bond_'s_ slightly
previous studie®The more stable of two isomers of the radical intermediate 1€SS favorable and readily converts to the global mininfam.
HCCHOH is depicted as the addition prodeét.Infrared excitatior(IR) of Theoretical predictions—from a previous stf]dgnd the re-
the OH-acetylene complex on the OH overtone transition provides enougly|ts presented here—indicate that OH-acetylene will be the
energy to surmount the barrier to the addition reactié81), but not the . . . .
abstraction reactioliTS2), and break the weak intermolecular bond. The most stable in a T-shaped structure that is 'Somqrph'c with
latter produces OHy=1) fragments, which are detected with the UV probe the acetylene-HF and -HCI complexes. A comparison of the
laser. structural properties of acetylene complexes with OH, HF,

and HCI is included in the discussion.

g;:lsd;hannel is not expected to play a role in the present o INITIO CALCULATIONS

This paper focuses on the identification and characteriza- Exploratory calculations have been undertaken to inves-
tion of a hydrogen-bonded complex between the reactantsgate the intermolecular potential energy surfdB&S of
that is associated with the initial addition of the OH radicalthe OH-acetylene complex. The aim of these calculations is
to acetylene. The structure and stability of this complex ardo determine the minimum energy configuration and estimate
investigated through infrared action spectra of the OH-+the binding energy of the complex. In order to provide mean-
acetylene complex in the OH overtone region. This excitaingful results on the OH-acetylene complex frah initio
tion provides sufficient energy to surmount the barrier for theelectronic structure calculations, it is necessary to employ a
addition reaction(TS1), but not the abstraction reaction highly correlated treatment such as the restricted coupled
(TS2), and can also induce vibrational predissociation of thecluster singles, doubles, noniterative triplfRCCSOT)]
complex. The latter produces OH fragments that can be ddevel of theory. The RCCS@) method has been shown to
tected with high selectivity and sensitivity. Additional experi- be yield accurate results on other open-shell compl&k&s.
mental studies of the OH-acetylene complex have been caFurthermore, calculations on weakly bound complexes re-
ried out in the asymmetric stretching region of acetyleneguire a large basis set including diffuse and polarization
these results will be presented elsewhere because of the coffianctions to provide sufficient flexibility to account for the
plexity of the spectral datd. anisotropy of the interaction potentfl.

A related paper by Marshall and Lester develops a the- In the present work a recently developed extrapolation
oretical model to interpret the experimental OH-acetylengyrocedure is adopted to estimate the complete basis set
spectra, which accounts for the coupling of the OH orbital(CBS) limit for the intermolecular PES. The extrapolation
and spin angular momenta with overall rotational motion in aprocedure has been described in detail elsewtferg and
rigidly T-shaped comple} A comparison of model calcula- has been shown to provide accurate intermolecular energies
tions with experimental spectra, particularly in the asymmetfor a range of chemical species including the-idre gas
ric acetylenic stretch regioft, shows that the OH radical’s and OH-Ar complexe&® Briefly, ab initio calculations are
orbital angular momentum is partially quenched in the OH-performed for a given geometry of the complex at the re-
acetylene complex. The significant interaction between thetricted Hartree-FockRHF) and RCCSDT) levels of theory
OH radical and acetylene in nonlinear configurations, speusing the standard augmented correlation consistent basis set
cifically the change in the intermolecular potential with ori- libraries aug-cc-pVDZ and aug-cc-pVTZ of Dunning
entation of the half-fillecor orbital of OH, gives rise to this et al?*~*?The effects of basis set superposition eX®8SB
guenching. This phenomenon has not been observed preware then taken into account for each of the calculations by
ously in more weakly bound complexes of OQ¥FIT with employing the standard Boys-Bernardi counterpoise correc-
inert or reactive partners, but is expected to become a genertbn procedure. For a given geometry of the complex the
feature of more strongly interacting radical-molecule sys-calculations therefore produce a total of four intermolecular
tems. The orbital angular momentum of the OH radical beenergiesEX™, ES”, EX"F, andES™, corresponding to the
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BSSE corrected RHF and correlation energi&{S2m

—ERMA for the two basis set sizes employed. These energie:
are then extrapolated towards the CBS limit by the use of the 300 1 \
expression,

(90,90)

Eg?t: 3a3_a2a EgHF_ 3a2_a2a EgHF—i_ 3[33_B2ﬁ Egor

1
o
P

Energy / cm’

28
a 3828

cor
2

-500 -

wherea and B are empirical parameters determined by Tru-
hlar and co-worker§a=3.4 andp=2.0).3%3 -1000

All ab initio calculations were carried out using thieL-
PRO 2000.1 software packagerunning on a desktop PC. 5 i 5 z
The OH and acetylene monomers were held at their experi
mentally determined equilibrium  geometriesr gy
=0.970A, rcy=1.061A andrcc=1.203A33" Calcula- FIG. 2. Radial cutssmoothed curvesof the OH+C,H, intermolecular
tions on the OH-acetylene PES were performed at 11 valuesptential surface for fixed orientations of the monometi(, oc,n,)
of R, the center of mass separation between the two mono?(O,QO),(QO,QO_, and(lBC_),Q_degrees. Thab initio ca[culations were car-
mers, ranging 2.6-8.0 A at sx difleren orentations of thel e 41 e stnces ndcatec by ats o vang e Repseve
OH and acetylene monomerfﬁc{Haecsz): namely, (0,0), limit. The equilibrium geometry of the OH-acetylene complex is the
(0,90, (90,0, (90,90, (180,0, and (180,90 degrees, with T—shapedO,QO) configuration. ThéA’ anqu” surfaces(das_hed a_nd solid
(0,0 corresponding to linear O-HH-C=C-H. In all cases Ilnes)_correspon_d _to the half-fillep 7 orbital of the OH radlcal lying per-

. . endicular or within the plane of the complex, respectively.

the OH and acetylene monomers are constrained to be in the
same plane resulting in the complex being described by the
C, point group.

Owing to the?ll symmetry of the ground state of the
OH radical, the projection of the electronic orbital angularing the aug-cc-pVDZ and aug-cc-pVTZ basis sets, but with-
momentum onto the internuclear axishas two components out using the extrapolation procedure, yield dissociation
corresponding toA\==*1. In the absence of external fields energies at th€0,90 orientation of 803 and 991 cn, re-
these two states are degenerate; however, this degeneracysfgectively, on théA” surface. In addition, the present CBS
lifted by the approach of a collision partner resulting in two results supersede the much older calculations of Sosa and
adiabatic electronic interaction potentials, which split apartSchlegef
from one another in nonlinear configurations. Within thg The separation between tH&” and ?A’ surfaces in-
point group these two adiabatic potentials are labéfdor  creases with decreasing separation distance in nonlinear con-
2A” depending on whether the unpaired electron in the OHigurations, reaching a magnitude ©fL40 cm* at the equi-
radical lies in or out of the plane of the complex, respec-librium T-shaped geometry, which is comparable to the spin-
tively. Separateab initio calculations are conducted for the orbit splitting of OH® This large energy difference has
2A’ and?A” interaction potentials of the OH-acetylene com- significant ramifications on the intermolecular energy level
plex. structure of the OH-acetylene complex that are discussed in a

Radial cuts of the intermolecular potentials from the ex-related theory papéf
trapolatedab initio calculations are shown in Fig. 2 for the Shallow wells were found at longer intermolecular dis-
(0,90, (90,90, and (180,0 orientations. The cuts for the tances for configurations with acetylene acting as the proton
(0,0 and(180,90Q orientations are repulsive at all separation donor and OH as the acceptor, namely, the linear HO-HCCH
distances and therefore not included. The radial cut in thgonfiguration a(180,0 and the L-shaped configuration with
(90,0 orientation(not shown is similar to that for(180,0  the O of OH interacting with a hydrogen atom of acetylene at
on the’A" potential and almost completely repulsive on the(90,0. In the L-shaped configuration, the attractive interac-
A’ potential. The well depths and corresponding intermo+ion is stronger for théA” surface with its half-filledp
lecular distances at specific orientations are summarized igrbital perpendicular to the nuclear plane. The true second-
Table I. It is clear from the table that the equilibrium geom-ary minimum likely lies intermediate between these two ori-
etry of the OH-acetylene complex corresponds to a T-shapeghntations, as found for acetylene-FrEinally, an intriguing
complex @on. fc,n,) =(0,90) with the H of OH pointing  |ocal minimum is found on théA’ surface in the(90,90
towards the €=C bond of the acetylene unit. Thus, the OH configuration aR= 3.0 A that may reflect the start of chemi-
radical acts as a proton donor to the acetylene triple bonctal bonding with the OH radical oriented appropriately for
The dissociation energl, of the complex in this configu- addition to the €&C bond. This configuration looks similar
ration is calculated to be 1132 ¢thon the?A” surface and to TS1 (Fig. 1), but is constrained by fixed monomer bond
987 cm ! on the?A’ surface using the extrapolation proce- lengths and linear structures in the calculations and therefore
dure. For comparison, RCC$D calculations performed us- cannot evolve fully to TS1.

R/A
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TABLE |I. Comparison of well depthsl¥,) and intermolecular distance®) for specific orientations of the
OH-C,H, complex in its ground electronic state calculated at the ROTERvel of theory using the basis set
extrapolation procedure described in the text.

(Oon . Oc,m,) (0,90 (180,0 (90,0 (90,90
ZA/ 2Au 21—[ 2A/ ZAN ZA/ ZA//
Re/A 3.29 3.23 4.05 4.18 4.07 3.02 el
D./cm™t 987.3 1131.7 570.4 91.8 496.0 236.2 s

@The 2A” surface is repulsive in the90,90 orientation.

IIl. EXPERIMENT dye, which produced tunable radiation around 348 nm. Typi-

The infrared action spectrum of the OH-acetylene reac’ ally, ~1 mJ pulse of UV radiation was passed into the

tant complex and the OH product state distribution resultin yacuum chamber. The UV laser was calibrated using the

_ ; _ .y 1}
from vibrational predissociation have been recorded by an I%\/ell known frequencies of the OK-X(0,1) lines.
pump—UV probe techniqu®“° The IR pump laser excites The IR and UV laser beams were counterpropagated,

the OH-acetylene reactant complex in the OH overtone re[ocused, and spatially overlapped in the vacuum chamber

gion (v=20), and the UV probe laser detects the OH~15 mm downstream from the exit of the capillary. The

(v=1) fragments by saturated laser-induced fluorescenczﬁfg Srgguﬁzi':n LSII;nsfgr?allr};eL%?Té%?eaeagﬂ]lrgzﬁiﬂzrﬂnjé
i 2y 4 _y 2 i -
(LIF) in the OH A" X °TI(0,1) region. The IR pump ected using a blue sensitive photomultiplier tyB& T, EMI

laser is scanned to obtain the infrared action spectrum; alter- - i o
b ' )_é)813Q) positioned perpendicular to both the supersonic jet

natively, the UV probe laser is scanned through various O ) : T
Y P 9 and laser axes. Several filters and a PMT gating circuit were

transitions to determine the primary product channels. . . .
Binary complexes composed of the OH angHg reac- used to block scatter_ed I|ght arising from th_e photolysis and
UV probe lasers, while still passing the desired fluorescence

tants are produced using the following procedure. Acetylene

is passed through an activated charcoal filter and mixed with! the OHA-X(0,0) spectral region. The LIF signal detected

Ar to prepare 5%—10% acetylene mixturesai 4 L stainless at th? PM;— was preamplme;j, mtegrateq W't_?ha l::oxcar, and
steel cylinder. This carrier gas mixtufat a delivery pressure trans erre to a computer for processing. The lasers were
of 60 psj flows over a 90 wt % nitric acid sample to entrain synchror]:lzed such ;hat the ”?) plump lag@0 H2) Waﬁ’

its vapor and is pulsed into a vacuum chamber. HydroxyrOresent or every ot er UV probe laser pula® H2), wit
radicals are produced by 193 nm photolysis of HN@ar the UV laser pulse typically delayed from the IR pulse by 50

e it of a quarz capilry D=1 mm hat s afved 1 1 20 SR echitue was weed n processng
to the pulsed valve. Collisions between the photolytically 9 g

generated OH radicals and carrier gas in the early stages th the UV laser alone from the infrared-induced signal

the supersonic expansion result in chemical reaction, Coonnéréiﬁjedsiwrlltgl gcr)itgeéRfrzl:: iLnJc\:/orElsliz [():roeosl;annt. ;hﬁnggﬁqk_'
of OH, and/or OH-acetylene complex formation. Y P 9

. . lexed OH in the supersonic expansion. Typically, the LIF
Acetylene is also photolyzed at 193 f#2although its P o
absorption cross section is much smaller than that formgnal arising from 150 laser shats IR+UV, 75 UV only)

HNO,.%® Using the absorption cross sectidé® quantum @S collected and averaged for each data point.

yields***%5and concentrations in the gas mixture, we esti-

mate that an order of magnitude more OH radicals are prop/, RESULTS AND ANALYSIS
duced for every acetylene molecule photolyzed, making thi%\ Infrared spectrum
a minor process in the production of OH-acetylene com- " P
plexes. We observe no evidence of acetylene photolysis in A spectroscopic search in the vicinity of the OH over-
these experiments. tone transition revealed a new feature at 6885.5 tm

Tunable infrared radiation at1.4 um is generated by shifted 85.8 cm® to lower energy of free OH, when acety-
an optical parametric oscillatdiLaservision custom OPO, lene was introduced to the carrier gas. The rotational band
0.15 cm! linewidth) pumped by an injection-seeded structure associated with this feature is shown in Fig. 3; sev-
Nd:YAG laser(Continuum Precision Il 8000; 8 ns pulse, 10 eral scans were averaged to obtain the figure. This infrared
Hz repetition rate The OPO delivers up to 16—18 mJ/pulse action spectrum was recorded with the UV probe laser fixed
of IR radiation in the interaction region. The absolute fre-on the OHA-X(0,1)Q4(11) transition, which was empiri-
qguency of the OPO is determined by recording gi®Hbho-  cally found to give the strongest infrared-induced signal and
toacoustic spectrum as the infrared laser is scanned, arnble best signal-to-background ratio. The rotational band
comparing to well-documented ,B (2,0,0) transitions’®  structure is consistent with the assignment of this transition
Relative frequency markers were also obtained with an etaas the OH overtone stretch £g,) of the OH-acetylene re-
lon (FSR=0.343 cm b). actant complex as detailed below.

The UV probe beam was generated by the frequency The rotational band structure is characteristic of a paral-
doubled output of a Nd:YAG pumped dye las@uantel lel (a-type) transition of a near prolate asymmetric top, ex-
581, Continuum ND 6000, 20 Hoperating with LDS 698 hibiting simpleP QR band structure with an unresolved cen-
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TABLE |Il. Spectroscopic constants and structural parameters of OH-

PJ) Q|(J) R(J) acetylene, acetylene-HF, and acetylene-HCI complexes.
17/2 1172 572 312 9/2 1572 OH-acetylene Acetylene-HF Acetylene-H>Cl
overtoné fundamental fundamental
vo (cm™Y) 6885.531) 3794.368 2806.9172
Spectral shiffcm™)  —85.81(1) —167.202 —79.0605
3(B"+C") (cm™Y) 0.13884)¢ 0.1478086 0.0798830
%’ 1(B'+C’) (cm™}) 0.13884)¢ 0.15109 0.081265
8 Rem (A) 3.3275) 3.078 3.663
kS R(X—*) (A)9 3.3855) 3.122 3.699
Do (cm™Y) <956 10882)" 830(6)’
aThis work.
PReference 19.
‘Reference 14.
910 uncertainty from fit.
*Reference 20.
Reference 21.
0= y T y y y T T 9R(X—*) is the distance between the heavy até® F, or C) and the
6882 6884 6886 6888 center of the E&C bond.
a "Reference 17.
IR Wavenumber / cm iReference 18.

FIG. 3. Rotationally resolved infrared action spectrum of the OH overtone

band of the OH-acetylene reactant complex at 6885.5cfiand origin.

The rotational structure is indicative of a parallettype) transition of a =1.176608cm 1),50 as found in the previously investigated
near prolate asymmetric top. The appearancP ahdR lines atodd mul- closed shell Syster‘rfé:lg_ﬂ

<pin of the OF radical s coupled to the molecular fame. The ticks show T Separation between the centers-of-mass of the OH
calculated line positions for those lines included in the fit. and GH, partners can be evaluated from the rotational con-
stants assuming that the monomer units are unchanged upon
complex formation. The values determined are 3(3RA
tral Q branch and partially resolvell andR branches. The = for the both the ground and excited vibrational states. The
transition type indicates that the OH subunit lies along theyround state separation derived experimentall,
a-inertial axis, as expected for a T-shaped complex in which=3.327(5) A, is slightly larger, as expected, than that pre-
OH is hydrogen-bonded to ther cloud of acetylene, dicted theoretically for the T-shaped minimum energy con-
(6on, bc,1,) =(0,90). Similar band structure has previously figurations,R,=3.23 and 3.29 A, on thgA” and?A’ surface
been reported at much higher resolution for the fundamentdkee Table )l The zero-point motion of the complex will
HX (X=F or CI stretches of the acetylene-HF and sample both of these surfaces. By contrast, it appears to be
acetylene-HCI complexéé:’® The large spectral shift sug- incompatible with a linear HO-HCCH structure,
gests that the OH subunit is significantly perturbed upor(BOH,0C2H2)=(18O,O) with OH acting as a proton acceptor,
forming a hydrogen bond with the H side of OH interacting which is predicted to have a strongly repulsive interaction at
with acetylene. this separation distandsee Fig. 2
The lines in theP andR branches are uniformly spaced
by ~(B+ C), but atoddmultiples of B+ C)/2 relative toQ
branch, rather than theeven multiples seen for other
acetylene-b complexes*°The odd multiples with respect The quantum state distribution of the OH fragments re-
to the centralQ branch are a direct consequence of the half-sulting from vibrational predissociation of the OH-acetylene
integral values of the total angular momentdrim the com-  (2voy) complex has also been examined. The release of one
plex, which arises when the spin associated with the ungquantum of OH vibrational excitation is sufficient to break
paired electron of the OH radical is coupled to the moleculathe intermolecular bond and cause fragmentation of the com-
frame?® The ticks in Fig. 3 represent the calculated line po-plex into OH (v =1) and GH, products; a propensity for the
sitions derived from a least squares fit that was performed bipss of one quantum of OH vibrational excitation has been
varying the lower and upper state values of ti&e+(C)/2  observed previousif The relative population of the OH
rotational constant and band origing) for an assumed near (v=1) products is derived from the intensities@f branch
prolate asymmetric top. Ticks are shown only for those rotalines as the UV laser is scanned through the ®&X(0,1)
tional lines that were included in the fit. Spectroscopic con-ransition following infrared excitation of the OH-acetylene
stants determined from this fit are given in Table Il. Thecomplex at 6885.5 citt. The line intensities were scaled
complex undergoes no discernable change in 8¢ C)/2  relative to theQ;(11) line, which was scanned immediately
rotational constant upon OH overtone excitation. The preseritefore and after every other line to account for variations in
experiments lack the spectral resolution required to measuithe experimental conditions. The intensities of lines in other
the asymmetry splitting or determine tierotational con- branches, namel®,, P;, andP,, were much smaller than
stant. However, we can assume that feonstant will be the corresponding Q; line due to fine structure
essentially that of theB value of free GH,(B propensitie$? Measurement of transition intensities was per-

B. OH product state distribution
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C,H, Vibrational Energy / em”! OH-C,H,(2voy) —Do— OH(v=1,j o) + CoHa(v,j)
2000 1500 1000 500

[TIT— TT1

3v, v,3v, Vot v,

+ Etrans-

This provides an upper limit for the ground state binding
energy of the OH-acetylene complexD@f<956 cm . This
calculation neglects internal excitation of the correlated
C,H, product and translational recoll, the latter expected to
be small based on energy gap arguméhtahich would
lower the limiting value. Vibrational excitation of the corre-
lated GH, fragment seems unlikely since excitation of even
the lowest frequency bending modes, 613 and 730%¢th
would lead to an unreasonably small,. Thus, the highly
rotationally excited OH# = 1) products are accompanied by
acetylene cofragments in their ground vibrational state, indi-
: : : : — o cating that vibrational predissociation proceeds by a vibra-
0 500 1000 1500 2000 2500 3000 tion to rotation and/or translationV¢R,T) energy transfer
process. Rotational excitation of the acetylene fragment is
expected to be small by analogy with prior results on
FIG. 4. The OH (=1) product state distribution and associated internal (;1(;ety|ene-H|’1‘,7 where only the lowest two rotational states
energy resulting from vibrational predissociation of OH-acetylene(. were populated, as well as the fact that its small rotational

The OH fragment distribution peaks §,,=23/2 in the lower(w=3/2) a0t Hrevents this degree of freedom from accommodat-
spin-orbit manifold(filled symbolg and a secondary maximum is seen at p 9

jon=11/2, @=3/2. No population is observed in product states higher thanind much energy.
jorw™>21/2 in the excitedw=1/2) spin-orbit manifold(open circlg, setting The bimodal product state distribution suggests that

adn uhp%elr_ limit for the (?H-acetylene binding 7ner?y 6595/6 Cmfll more than one mechanism may be operative in the vibra-
e e 1 e o oo 9l predissociation cynamics, as found previously in sys-
figure indicate energetic limits for producing Ol 1) with vibrationally tems such as HF-acetylene and OH-E*The secondary
excited acetylene cofragments denoted by the labels. peak in the OH ¢=1) rotational distribution at lower en-
ergy likely arises from vibrational excitation of the,ld,
cofragment in a vibration-to-vibratiornV¢V) energy transfer
formed in the fully saturated LIF regime and appropriatelyprocess, which would leave less energy available for rota-
converted into relative populations of Ol € 1) rotational tional excitation of OH ¢=1). Possible vibrational states
levels®1>2 and associated energies of thgHs fragment* are shown
The resultant population distribution of Ol € 1,jon) along the top axis of Fig. 4. For example, the secondary
fragments in the grouné=23/2 spin-orbit manifold is shown channel that produces Okl €1, jo4=9/2, 11/2 is likely to
in Fig. 4. The distribution peaks in a highly rotationally ex- be associated with 1, products with one quantum of
cited statej o= 23/2, with 2325 cm? of rotational energy. C=C stretch ¢,) excitation or three quanta of bend 3
A secondary maximum is observed for thg;=9/2 and 11/2 3wz, or combinations of these mode3hese GH, product
states with 343 and 524 crh of energy, respectively. No- states may be preferred from the point of view of closer
ticeably less population is observed in other rotational statesjibrational resonance, even though a large number of quanta
including the intervening states between the primary and seavould need to be changed to access the bending sfates.
ondary maxima, and thus we characterize the OH product Finally, the lifetime of the vibrationally activated OH-
state distribution as bimodal. The population in the lowestacetylene reactant complex due to inelagtibrational pre-
OH (v=1) rotational levelsj o= 3/2 and 5/2, could not be dissociation and/or reactive decay was examined through
measured due to large background population in these levelsme- and frequency-domain measurements. Varying the IR
In addition, the population of thg,y=15/2 state could not pump-UV probe delay time showed that the appearance of
be determined due to an overlapping OH-Ar feature at th@OH (v=1) fragments was controlled by the temporal dura-
OH A-X(0,1)Q4(7) probe frequency. The abrupt cut off be- tion of the IR laser pulse, indicating a lifetime of less than 8
yond jou=23/2, ®=3/2 was examined in more detail by ns. In addition, the linewidth of the infrared spectrifig.
probing thejo,=21/2 level of the excited spin-orbit mani- 3) has been fitted using a model developed in a related theory
fold (w=1/2) at 2361 cm? using theQ,(10) line, which is  paper to simulate its rotational band structtfréf the OH
populated in the dissociation process, and the next higheadical’s orbital angular momentum is unquenched, then the
state,j oy=25/2, w=3/2, at 2741 cm*, which appears to be spectrum is best fit with a linewidth of 0.19 ¢h This is
closed. slightly larger than the laser bandwidi®.15 cm'%), suggest-
The highest energetically open Ol 1) product state, ing the possibility of homogeneous broadening due to either
jon=21/2, w=1/2, leaves less than 956 chof energy lifetime or power broadeningUnfortunately, the signal-to-
available for breaking the OH-acetylene intermolecular bondoise level of thé® andR branches was not adequate to test
(Dy), internal excitation of the &+, fragment ¢,j), and the effect of IR laser power on the linewidthHowever,
translational recoil of the fragment&¢,,o, as illustrated in  model calculations indicate a more likely alternate explana-
the following energy cycle: tion of inhomogeneous line broadening for the apparent

Relative Population

—————— O+ ____ o

OH (v=1) Internal Energy / cm™
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broadening? If the OH radical’s orbital angular momentum pendent of the precise value of the difference potential for
is partially quenched, as expected, then the spectrum can Ipeoderate energy differences between?hé and?A” states,
fit with a laser-limited linewidth of 0.15 cit. See the theory up to approximately the OH monomer spin-orbit splitting.

paper for details on the fit and simulatioffs. This is not surprising since aartype transition occurs with
no change in the component of angular momentum about the
V. DISCUSSION a inertial axis. Thus, the spectrum is relatively insensitive to

the changes in rotational motion about this axis caused by

2N _2pM e H H
linear configuration of the OH-acetylene complex results in 1€ “A'="A" splitting. The difference potential does cause

lifting of the OH monomer electronic orbital degeneracy into Significant parity splitting of rotational levels  withP=
27’ ‘and 2A” electronic states. For previously studied OH- +1/2, o==*+3/2, similar to that seen previously for corre-

containing complexes such as OH-ARef. 57 and SPonding levels in OH-AP OH'_CO'39 and OHN'M At
OH-H,,*® this separation, known as the difference potential,the present experlmeptal resoluthn and rotatlona_l tempera-
is sufficiently small that the OH radical’'s orbital degeneracy!U"e, however, these lines are buried under the wings of the
is approximately retained in a zeroth-order description of thé0ré numerous, less strongly affected lines, and contribute
rotational motion of the complex. The appropriate quantunnly to inhomogeneous line broadening. o
numbers are the half-integer total angular momentijm Interestmgly, th.e model calculations also indicate that
which is a rigorously good quantum number, irrespective ofh€ effects of inertial asymmetry are reduced even at the
the magnitude of the difference potential, the projectoof moderate difference potential appropriate to OH-acetylene.
Jon thea inertial axis of the complex, and=\+o, the sum Thus, the rotational structure of the OH stretching overtone,
of the projections of the electronic orbital and spin angula@-type band will even more closely resemble that of a sym-
momenta, respectively, along the OH, monomer axis. Thénetric top than might be otherwise expected. The OH over-
effects of the difference potential can then be included, iffone spectrum can then be analyzed as if it were a parallel
necessary, via perturbation thed?y. transition of a symmetric top with overlapping sub-bands
For the somewhat more strongly bound complexes oftnd half-integer values for the rotational quantum numbers.
OH with N, (Ref. 60 or CO3*%the linear equilibrium ge- Only the spectroscopic constars C)/2 may be obtained
ometry preserves the cylindrical symmetry of the OH mono-rom the analysis, as the spectrum provides no measurable
mer upon complex formation so that the electronic degeninformation regarding the value &—C.
eracy persists at this configuration. Although the degeneracy In a related theory papef,we consider whether a better
is lifted by bending vibrations that sample nonlinear geom-Zzero-order description of the rotational motion might be the
etries, the molecular wave functions still reflect the underlyJimit where the electronic orbital angular momentum is fully
ing symmetry of the Hamiltonian, and are labeled by thequenched in the OH-aceterne Complex. This is precisely the
same quantum numbers as above. The effects of the diffelimit for the more familiar case of a chemically bonded,
ence potential are included in the Renner-Teller effsffso ~ asymmetric top molecule with a single unpaired electfon.
that the unquenched electronic angular momentum is inThe spin of the unpaired electron is decoupled from the mo-
cluded in the vibronic state of the molecule, for which rota-lecular framework, and the rotational energy levels in this
tional energy levels can then be determifidd. case are labeled with familiar integer, asymmetric top quan-
OH-acetylene is more strongly bound than these previtum numberQ\lKaKc. At moderate resolution in this limit with
ously studied complexes, and thb initio calculations show unresolved structure, thea-type vibrational spectrum for a
that the magnitude of the difference potential at the T-shapedear-prolate asymmetric top, such as OH-acetylene, would
equilibrium geometry(140 cm %) is comparable to the spin- still resemble a parallel band of a symmetric top, but one
orbit splitting for free OH. As discussed elsewh&feghe  characterized bintegerrotational quantum numbers. In par-
difference potential is large enough that perturbation theoryicular, it would have a prominer® branch at the band ori-
will not be sufficient to account for the effects of the gin and lines in thé® andR branches would appear aten
2N’ —2A" splitting. Nevertheless, the form of the OH over- multiples of B+ C)/2 on either side. Clearly, the observed
tone spectrum for OH-acetylene, with andR-branch lines  OH overtone band of OH-acetylene is better described in the
at odd multiples of B+ C)/2 relative toQ branch, indicates small difference potential limit, which is used in the rota-
that this complex retains sufficient unquenched electronic ortional analysis presented here.
bital angular momentum to keep the spin of the unpaired The rotational analysis yieldB C)/2 and the associ-
electron coupled to the molecular framewdfkThus, the ated separation distance between the centers of mass of OH
small difference potential limit, and the quantum numhkrs and acetylene of 3.32%) A at the zero-point level. This
P, andw, as used in the more weakly bound complexes, areompares favorably with the separation distance at the
appropriate in discussing the spectrum. Two experimental-shaped equilibrium configuration obtained frah initio
considerations, the rotational temperature in the jet exparnzalculations presented here, as would be expected given the
sion and the laser line width, work together with théype  high level of theory, RCCSO), and basis set extrapolation
dipole selection rules to hide the effects of the differenceprocedure used in the calculations. The OH-acetylene bond
potential. length is found to be intermediate between those previously
In fact, model calculatioré predict that the qualitative observed for acetylene-HF and acetylene-E&tas shown
appearance of am-type band with unresolved sub-band in Table II, reflecting the general trend in magnitude of the
structure and rotational temperatures-afO K will be inde-  HX dipole moments.

As discussed in thab initio calculation section, the non-
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The separation between the OH and acetylene subunitsi . [ 2y J
. . OH OH

essentially unchanged when the OH-acetylene complex is T R —— 320
vibrationally excited in the OH stretching mode. This differs 3v, 7
from acetylene-HF and -HCI| complex¥st® where ade-
creasein intermolecular bond length was observed upot H 5500 - 3y
excitation. This decrease can be attributed to an increase il
the dipole moment of the HX monomer and an associated _—
increase in the strength of the electrostatic interaction. In“g 5099 -
addition, the spectral shift associated with the OH overtone 2 VatVs
transition, while large for OH complexes studied to date is
much less than seen for the fundamental HF vibration of 5
acetylene-HF and comparable to that for the fundamenta  *% ] L 1500
HCI vibration of acetylene-HCI. Typically, the shift of an v 1922
overtone transition is twice that of a fundamental transition, Vg —
so the spectral shift of the OH overtone transition of OH- 4000 —
acetylene appears to be anomalously small. The spectral shi
reflects the increased strength of the intermolecular interac
tion upon vibrational excitation of the Xd monomer. The 3500
unusual behavior in spectral shift and bond length change: OH-C,H, CH, + OH(v=I)
for OH-acetylene is likely caused by the atypical dipole mo-
ment function for OH>%8 which is approaching its maxi- FIG. 5. Energy level diagram illustrating the inelastic scattering dynamics
mum value at internuclear distances contained between il OrAceviene reaca, complescs prepared wih o uerts of OFF
classical turning points fov =2. Thus, the OH dipole Mo- 5 the fragments,s,— Do, with zero of energy defined as the OH
ment does not increase as much as would be expected withx&1l,, (v=0,j=3/2)+ C,H, asymptote. The central region shows the en-
linear dipole function, resulting in smaller changes in theergetically allowed vibrational states of inelastically scattergéiCfrag-

lectr ic interaction n n =92 ments correlating with OHy(=1). The right-hand side illustrates the al-
electrostatic interaction between OH :60) and @ ) lowed rotational levelsjcy) of OH (v=1) fragments in thev=3/2 spin-

with the a(_:etyl_ene partner. _ orbit manifold and associated internal energy, as discussed in the text. The
The vibrational predissociation dynamics of the OH- most populated OH rotational states are highlighted.

acetylene complex prepared with two quanta of OH stretch is

summarized in Fig. 5. The left column shows the OH over-

tone excitation step and energy available to fragmengs, The present experiment does not probe reaction prod-
—Dy, the right column shows the OB 2I15,(v=1,jon) ucts, only inelastically scattered OH fragments. The transi-
product rotational states that are energetically open, and thén state for the addition reaction requires internal rotation
middle column shows the energetically allowed vibrationalof the OH subunif, as shown in Fig. 1. Combination bands
states of the acetylene fragméffThe highest energetically that might access excited bending states involving the OH
open OH ¢ =1) product statejoy=21/2, »=1/2, provides moiety have not yet been observed by infrared action spec-
an upper limit for the binding energy of the OH-acetylenetroscopy, at least not when probing the OH fragments of
complex in its ground statd) ;<956 cm 1. The strength of vibrational predissociation.

the OH-acetylene interaction is intermediate between

acetylene-HF and acetylene-HQ@ee Table ), in accord

with the relative magnitudes of theXHdipoles. The most VI. CONCLUSIONS

populatedX 2T, (v=1,jop) product states are highlighted A weakly bound complex between the OH and acetylene
in Fig. 5 with the width of the line roughly proportional to reactants has been stabilized in a supersonic expansion, char-
their population. Population of thig,,=23/2 and 21/2 states acterized using an IR pump-UV probe method, and also
does not leave sufficient energy to vibrationally excite acetyinvestigated by high levedb initio calculations. Analysis of
lene, and thus the dominant predissociation process must othe a-type rotational band structure associated with the OH
cur by aV-R, T mechanism. The other significantly popu- overtone transition at 6885.5 crh(origin) is consistent with
lated statesjoy=11/2 and 9/2, are consistent with\&V  the T-shaped minimum energy configuration predicted by
mechanism. The acetyleng C=C stretch and three quanta theory. The spectrum of the near prolate asymmetric top re-
of bend, e.g., 34, 2v,+vg, or 3vg, are possible acceptor veals half-integral values of the total angular momentum,
modes>* The latter may be less favorable due to the largearising from the spin of the unpaired electron of OH being
number of quanta that must be chang®®oth V-V and  coupled to the molecular frame. A slight broadening in the
V-R, T energy transfer processes were observed followingdH overtone spectrum is suggestive of inhomogeneous
fundamental HF excitation of the acetylene-HF compiex, broadening due to partial quenching of the OH radical’s or-
however, only one quantum of acetylene bengdor vs, was  bital angular momenturt?. This partial quenching is clearly
energetically accessible. For other OH complexés/ en-  observed in spectra recorded in the asymmetric acetylenic
ergy transfer is the dominant predissociation mechanism istretch region that will be presented in a future publication.
the OH-CO complex? and is seen exclusively in the OH,N  Our success in isolating the OH-acetylene reactant complex,
and OH-CH complexe$®¢’ which has only a small barrier to reaction, indicates that it
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